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INTRODUCTION 
Alders have received considerable attention in recent years because 
of their fast growth rate and nitrogen fixation capacity. These 
qualities have led to interest in using alder as a biomass crop or as a 
combination biomass/nurse crop in mixed plantations with other trees 
(Gordon and Dawson, 1979; Reach, 1979; Zavitkovski et al., 1979; Hansen 
and Dawson, 1982). The contribution of biologically fixed nitrogen is 
seen as an economically viable alternative to industrially fixed 
nitrogen, while the alder biomass itself may be useful for energy, pulp, 
composite products, or solid wood. 
The natural range of black alder, Alnus glutinosa (L.) Gaertn., 
covers most of Europe and extends to northern Africa and eastern Asia. 
Within this extensive population, there exists a great deal of genetic 
variation. In order to make best use of black alder in North America, it 
is first necessary to choose genotypes which are adapted to local 
conditions. Once environmentally-adapted populations are identified, the 
next step is to select individuals or populations which exhibit desirable 
growth characteristics and desirable nitrogen-fixing capacity. It also 
will be important to select for pest/pathogen resistance as these 
problems arise or are anticipated (Hall and Maynard, 1979). 
Observation of black alder plantings reveals much variation in 
growth rate. Alders often begin flowering at a few years of age, and 
those individuals which flower and fruit heavily, generally grow more 
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slowly. There also is growth variation within both flowering and 
nonflowering groups of trees, but the striking negative relationship 
between growth and reproduction deserves consideration by itself. One 
classic explanation for the shift between vegetative and reproductive 
growth is the carbohydrate/nitrogen balance (Kraus and Krabill, 1918). 
This simple explanation has since been buried under more complex 
explanations involving genotypic and environmental effects, plant 
hormones, and juvenility. Nevertheless, in the cultivation of most crops 
it commonly is experienced that excessive nitrogen fertilization results 
in vigorous vegetative growth at the expense of flowering and fruiting. 
In this context, it is interesting to consider an alder tree which fixes 
nitrogen at the expense of carbohydrate. It would seem that a nodulated 
alder tree growing in a low-nitrogen soil has the somewhat unique ability 
to internally regulate its carbohydrate/nitrogen balance. Since there is 
genetic variation with respect to precocity and fecundity, it might be 
asked whether the expression of these traits is related to some 
carbohydrate/nitrogen status. If so, the carbohydrate/nitrogen 
relationship might be a characteristic that can be detected before the 
onset of flowering, and thus, it may form the basis for an early 
selection criterion. 
Apart from flowering and fruiting, it is likely that differences in 
growth may be accounted for by differences in production and/or 
allocation (utilization) of photosynthate. Over the past few decades, 
there has been a great deal of interest and research concerning primary 
productivity, while most yield improvement in crops appears to have 
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resulted from changes in allocation of photosynthate (Gifford and Evans, 
1^81). Differences in primary productivity and photosynthate allocation 
might be detectable in small trees grown for short periods of time. If 
so, these characteristics might be useful as early selection criteria. 
If growth and nitrogen fixation are the interesting characteristics 
of alder, then why not select directly for these characteristics? 
Indeed, growth and nitrogen fixation are detectable in young trees, and 
over short periods of time. The problem is that the correlation between 
early growth and later growth has been reported to be poor in alder 
(Verweij, 1977; Funk, 1979; Hall et al., 1983). The reason for this poor 
correlation is unknown. Observation and intuition suggest that 
differences in flowering, primary productivity, or photosynthate 
allocation may contribute to the poor correlation. Hence, this study was 
undertaken to examine differences in photosynthate allocation, nitrogen 
fixation, and growth characteristics to gain a better understanding of 
the relationships between early growth and later growth. 
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BACKGROUND 
Nitrogen Fixation 
Alder trees have received considerable research attention in recent 
years, particularly from physiologists and ecologists interested in 
N-fixation. Nitrogen is fixed symbiotically in root nodules which are 
colonized by actinomycetes belonging to the genus Frankia (Torrey, 1978). 
Fixation rates are comparable to those of the best legumes, and nodulated 
alder trees can grow quite vigorously without any supplemental combined 
nitrogen. 
It is well established that N-fixation is an energy-demanding 
process. For symbiotic N-fixers like alder, this translates to a high 
expenditure of carbohydrate to support N-fixation. On the other hand, 
high carbohydrate production (photosynthesis) depends on adequate 
nitrogen nutrition. This dilemma has led to a great deal of interest in 
determining the exact carbohydrate cost of N-fixation, and the 
consequences regarding growth and productivity. 
Most studies have dealt with annual legumes. Reported energy costs 
of N-fixation vary due to host plant species, host plant genotype, 
Rhizobium genotype, and determination techniques. Nevertheless, the 
reports indicate that a minimum of 3-8 g carbohydrate is consumed for 
each g nitrogen fixed (Minchin and Pate, 1973; Herridge and Pate, 1977; 
Layzell et al., 1979; Mahon, 1979; Ryle et al., 1979a). Of particular 
interest is the work of Tjepkema and Winship (1980), where no difference 
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in respiratory efficiency (CO^ evolved/CgHg reduced) was found 
between Rhizobium-induced nodules and Frankia-induced nodules, based on 
several species with each type of symbiosis. Whole-plant studies of 
carbon economy have shown that annual legumes existing solely on fixed 
nitrogen respire about 10-20% more of their daily uptake of carbon than 
do plants existing on ample nitrate (Silsbury, 1977; Ryle et al., 1978; 
Pate et al., 1979; Ryle et al., 1979b). 
The high energy cost suggests that N-fixation may be limited by the 
carbohydrate supply. In support of this hypothesis, Hardy and Havelka 
(1975) have reported that CO^ enrichment around soybean plants resulted 
in a more than 5-fold increase in N-fixation. The commonly observed 
midday peak in N-fixation follows a corresponding peak in photosynthetic 
rate (Wheeler, 1969; Wheeler, 1971; Dawson and Gordon, 1979; Tripp et 
al., 1979). The interpretation has been that N-fixation is sensitively 
regulated by the current photosynthate supply. However, the daily peak 
in N-fixation was found also to coincide with a daily depletion of nodule 
carbohydrate reserves (Lawrie and Wheeler, 1973; Wheeler, 1971). This 
would seem to contradict the notion that the carbohydrate supply is 
limiting to N-fixation. But the author(8) concluded that N-fixation was 
dependent on the influx of current photosynthate, and that most of the 
nodule carbohydrate reserves were unavailable for N-fixation. 
Genetic Variation in Alder Growth 
There have been relatively few studies of genetic variation in alder 
tree growth and biomass production. Bajuk et al. (1978) made selections 
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of fast-growing and slow-growing Alnus glutinosa seedlings derived from 
secondary North American seed sources. The seedlings, and subsequently, 
ramets of selected clones were grown for a few months in the greenhouse. 
The best clones grew at a rate comparable to a hybrid poplar clone (5377) 
under greenhouse conditions for 12 weeks. The study demonstrated a high 
degree of genetic variation among the seedlings, and the authors found 
that height growth was not an adequate predictor of dry weight. Some of 
these selected clones were used in subsequent studies, including the 
present study. 
Gordon and Wheeler (1978) used 12 of the selected Alnus glutinosa 
clones described above to gain a better understanding of the relationship 
between photosynthesis and N-fixation. They found a positive correlation 
between whole plant photosynthetic rates and CgHg-reduction rates 
(nitrogenase activity). In other words, larger plants were found to have 
higher rates of photosynthesis and N-fixation. They did not find 
significant differences among clones with respect to photosynthetic rate 
per unit leaf area. Considering this observation, there was no 
explanation as to how the fast-growing clones attained two times the dry 
weight of slow-growing clones after 8 weeks in a growth chamber. In a 
separate experiment, alder trees were grown under high and low irradiance 
levels, and subsequently measured under both light levels. The 
corresponding high and low photosynthetic rates were correlated with 
changes in CgHg-reduction rates. The authors concluded that lower 
rates of photosynthesis caused lower rates of N-fixation. They also 
concluded that the carbohydrate status was probably important in 
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determining nitrogenase activity, but carbohydrate reserves were not 
measured. 
Dawson and Gordon (1979) also used 10 of the alder clones from the 
study of Bajuk et al. (1978) to examine the relationship between 
photosynthesis and N-fixation. They found positive correlations between 
leaf area and acetylene reduction, and between photosynthetic rate and 
nitrogen content. 
Huss-Danell (1980) compared growth and N-fixation of seven clones of 
Alnus incana derived from rooted cuttings and grown for 9 weeks in a 
growth chamber. There were significant differences among clones with 
respect to growth and N-fixation parameters. Within clones, all measures 
of growth and N-fixation were highly correlated. 
Monaco et al. (1981) compared short-term growth of ten 
open-pollinated families of Alnus rubra from five different sites in 
Oregon. The seedlings were divided among factorial treatments of 
inoculated vs. uninoculated with Frankia at two nitrogen fertilizer 
levels, and grown in the greenhouse for 14 weeks. Inoculated trees grew 
10 to 15 times larger than uninoculated trees. There were significant 
differences in growth performance among the seed sources, not related to 
the site index where the seeds were collected. 
Growth Analysis and Allocation of Photosynthate 
Classical growth analysis techniques, as described by Beadle (1982), 
offer a simple mathematical approach to characterizing plant growth. The 
only measurements required are dry weight (W) and leaf area (A). The 
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basic component of growth analysis is the relative growth rate, R, 
defined as the increase in weight per unit weight at any given instant in 
time. In other words, if In (W) is plotted over time, R is the 
instantaneous slope of the curve. In the case of exponential growth, the 
curve is a straight line and the slope, R, is the growth constant. The 
unit leaf rate, E, is defined as the increase in weight per unit leaf 
area at any given instant in time. Unit leaf rate is synonymous with net 
assimilation rate, but the former is preferred (Evans, 1972). Both R and 
E may be used to compare growth of different plant genotypes, differently 
treated plants, or plants at different stages in their life cycle. 
Relative growth rate and unit leaf rate are generally used to 
describe whole plant growth. They may, however, also be used to describe 
the growth of plant parts. When two parts, say x and y, on the same 
plant are measured, it might be desired to know the relationship between 
the growth of the two parts. Often in plants such relationships are 
allometric (Wareing, 1970; Leopold and Kriedemann, 1975). Growth is said 
to be allometric if a plot of log (x) vs. log (y) yields a straight line. 
The slope of the line is called the allometric coefficient and it turns 
out to be the ratio of the relative growth rates of x and y. 
Mathematical descriptions of plant growth are helpful in 
understanding how partitioning of assimilates may affect total growth and 
productivity. Plants exhibit precise control over the partitioning of 
dry weight among plant parts (Wareing, 1970). This is not surprising, 
because small changes in allocation patterns may have substantial impacts 
on growth (Ledig, 1969). Mathematical models of tree growth (Ledig, 
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1969; Ledig and Botkin, 1974; Promnitz and Rose, 1974; Promnitz, 1975) 
have been based on photosynthetic rate, respiration rate, and 
distribution of photosynthate. The models were based on empirical data 
and assumed allometric growth among the plant parts. They did a fair job 
of predicting growth patterns over short periods of time. One of the 
major contributions of these models was their illustrating the importance 
of distribution of dry weight to leaf growth. Selecting plants for 
amount and duration of leaf area appears to be more successful in 
increasing plant growth than selection for increased unit leaf rate or 
net photosynthetic rate (Wareing and Matthews, 1971). 
One of the major shortcomings of the growth models mentioned above 
is that they ignore photosynthate storage. This is significant because 
carbohydrate reserves play an important role in woody plant growth 
(Kozlowski and Keller, 1966). In most growth models, growth is assumed 
to be proportional to photosynthesis. The storage and depletion of 
reserves allow trees to make growth that is not proportional to the 
current photosynthetic rate. Thus, tree growth usually occurs in 
flushes. This phenomenon is called "rhythmic" or "periodic" growth if 
the flushes occur at regular intervals, and "episodic" growth if the 
flushes occur at irregular intervals (Borchert, 1973). Often, flushes of 
shoot and root growth alternate (Ledig &t al., 1976; Drew, 1982). 
Episodic and periodic growth may occur in response to environmental 
changes, but they also occur under constant environmental conditions, 
such as in tropical rain forests or growth chambers (Borchert, 1973). 
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COLLECTION OF PLANT MATERIALS 
Since the intent of this study was to examine the relationships 
between short-term growth characteristics and long-term field 
performance, the first step was to assemble a collection of clones which 
displayed variation in field performance. A good set of such clones was 
not available. In order to avoid the delay involved in generating 
long-term field performance data, ortets were selected and clonally 
propagated, from two existing alder plantations, aged 16 and 14 years at 
the time of selection. The plantations were located in southeastern Ohio 
and southern Illinois, respectively. Within each plantation, several of 
the largest and several of the smallest trees were selected with the 
expectation that the size differences were at least partly due to genetic 
differences. Several clones of miscellaneous origin also were included 
in the study because of their interesting field performance or prior use 
in controlled environment studies. 
The Ohio plantation was established in 1963 by the U.S. Forest 
Service in cooperation with the land owner, Ohio Power Company (Funk, 
1979). The planting site, near the small town of Young Hickory, was a 
spoil bank leveled after surface mining of coal. The "soil" was rocky 
and apparently well-drained. There was little competition from other 
trees at the site. The planting was an Alnus glutinosa provenance test 
containing 16 sources, primarily from central Europe. Most seed sources 
were from Germany and all selections were from German seed sources. 
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Therefore, it is unlikely that growth differences were due to differences 
in climatic adaptation. The trees were arranged in a randomized complete 
block design with 3 replications x 16 sources x 25 trees/plot = 1200 
trees originally planted. The spacing was 2.1 m x 2.1 m (7 ft). 
Survival of most seed sources was reasonably good. Considering the age 
of the planting, there was much less flowering than expected. 
One day was spent visually choosing candidate trees and collecting 
data and increment cores from them (Figs. 1 and 2, Table 1). The next 
morning, June 26, 1979, vigorous, leafy shoots from the crowns, and in 
Table 1. Ortet field data and seed source of Alnus glutinosa clones 
recovered from a plantation on mine spoils at Young Hickory, 
Ohio 
Clone* Ht(m) DBH(cm) Fir ^ Source^ (Selection No.^) 
+ AG0X14 14.3 18.5 2 Uetze, Zone II/3, "the Uetzer Roterle" (#54) 
+ AG0X15 14.6 18.8 1 Spreewald, "The best in all Europe." (#44B) 
- AG0X16 7.3 5.1 0 Diessen, Zone 11/12 controlled pollination 
- AG0X17 4.0 3.3 0 Sulzschneid, Zone II/9, Allgau 
- AG0X19 7.3 5.3 0 Danndorf, N. German lowland near Elbe R. 
+ AGOX20 14.9 18.3 0 Ysenburger Ledges, "Specially selected" (#18B3) 
- AG0X21 6.7 4.8 0 Wasserburg, Zone 11/12 controlled pollination 
- AGGX25 7.6 5.3 0 Uetze, Zone II/3, "the Uetzer Roterle" 
+ AGOX30 13.1 17.8 1 Diessen, Zone 11/12 controlled pollination 
- AG0X32 5.8 4.1 1 Dietz, swampy land Alt. 1000 ft 
*+/- prefix indicates large (+) or small (-) selection; the clone 
designation is part of a program-wide system; elsewhere in this 
dissertation clones will be referred to simply by the +/- prefix and 
the last two digits of this designation. 
^Flr is flowering intensity; 0=no flowering; l=light flowering; 
2=moderate flowering; 3=heavy flowering. 
^All seed sources were from Germany. 
^Selections made in 1977 by David T. Funk, U.S. Forest Service 
Geneticist. 
Fig. 1. Plot map of Alnus glutlnosa provenance test at Young Hickory, Ohio. 
Large numbers indicate provenance numbers. Small numbers indicate 
location of selections; "+" means large tree, means small tree 
; 
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Fig. 2. Annual diameter growth increments at breast height of 
Alnus glutinosa selections; center of tree at left; 
actual size, "od" means profile was drawn from annual 
outside diameter measurements with year of first measure­
ment indicated; dotted lines are interpolations of missing 
data. All others were drawn from increment cores. "OH" 
group was from Young Hickory, Ohio; "IL" group was from 
Simpson, Illinois 
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some cases, epicormic sprouts, were cut from the selected trees with the 
aid of a pole pruner and tree climbing equipment. The weather was cool 
and clear (ca. 5 C night temperature, 20 C day temperature). The shoots 
were cut to about 35 cm lengths, sprayed with water, and placed in 
plastic bags. The bags were put on ice in coolers for transportation, 
and held for up to 36 hr before the cuttings were placed in the rooting 
bed. 
To prepare the cuttings, the shoots were cut to 1 or 2-node lengths. 
The basal ends were dipped for 5 sec into IBA solution (3000 mg/1 
indole-3-butyric acid, 200 mg/1 8-hydroxyquinoline citrate 
(anti-microbial agent), in 30% ethanol, pH adjusted to 6.5 with KOH). 
The cuttings (ca. 50 from each tree) were planted into perlite under 
intermittent mist (30 sec every 5 min). 
The Illinois plantation was established in 1965 on rich bottomland 
near the small town of Simpson, on the Shawnee National Forest (Phares et 
al., 1975). It was a mixture planting of Alnus glutinosa and Juglans 
nigra (black walnut). The Alnus planting stock was of unspecified 
origin, some 1-0 stock and some 2-0 stock. The plan for the mixture 
called for periodic thinning, especially removal of the alder. In fact, 
two of the selections were made based solely on the stump size of 
recently removed trees, cuttings being taken from the vigorous stump 
sprouts. In contrast to the Ohio mine spoils, the Illinois trees were 
larger (planted at wider spacing), displayed more flowering, and showed 
less variation in size. Interestingly, the Illinois trees also had 
noticeably more top dieback than the Ohio trees. It is tempting to 
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attribute this to allelopathic effects of black walnut, but top die-back 
is a common phenomenon in alder trees whether walnut trees are present or 
not. 
The selection of trees, and collection and handling of cuttings was 
much the same as for the Ohio collection (Fig. 2, Table 2). Branches 
were cut July 6-7, 1979. The weather was warm and humid (ca. 16 C night 
temperature, 30 C day temperature) with light rain during the night. 
After 3-4 weeks, some of the cuttings had begun to root. As they 
rooted, they were transplanted to pots. Out of 37 trees from which 
cuttings were taken, established ramets were obtained from only 20. 
These were grown in pots in the greenhouse, and served as stock plants 
from which cuttings were taken for subsequent experiments. The 
miscellaneous clones had already been established in the greenhouse as 
stock plants (Table 3). 
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Table 2. Ortet field data, planting information, and location of Alnus 
glutinosa clones recovered from alder/walnut mixture planting at 
Simpson, Illinois 
Location^ Spacing Planting 
Clone DBH(cm) Flr^ Blk Plot Row Tree (ft) Stock Notes 
+ AGOX33 20.6 2 4 1 6 2 9x9 1-0 sel #3 
- AG0X34 10.2 0 4 1 0 8 9x9 1-0 border 
+ AGOX37 - - 3 1 6 4 9x9 1-0 tree removed 
- AGOX39 15.7 3 3 1 8 4 9x9 1-0 
- AGOX40 12.4 2 4 2 4 4 13x13 1-0 
+ AG0X41 22.4 3 1 2 4 0 13x13 2-0 sel #2 dead branches 
+ AG0X42 - - 1 2 4 6 13x13 2-0 tree removed 
- AG0X43 14.7 3 1 2 8 6 13x13 2-0 dead branches 
+ AG0X44 25.4 2 1 1 2 2 9x9 2-0 sel #1 
— AGOX45 10.7 2 1 1 8 0 9x9 2-0 border dead branches 
^From the plot maps used by U. S. Forest Service, Carbondale, IL. 
+/- prefix indicates large (+) or small (-) selection; the clone 
designation is part of a program-wide system; elsewhere in this 
dissertation clones will be referred to simply by the +/- prefix and 
the last two digits of this designation. 
^Flr is flowering intensity; 0=no flowering; l=light flowering; 
2=moderate flowering; 3=heavy flowering. 
Table 3. Source and description of miscellaneous Alnus glutinosa clones 
Clone* Source Notes 
AGOX46 Prov test Rhodes, lA Outstanding 1st yr growth; poor subsequent 
growth and heavy flowering 
1-23 Bajuk et al., 1978 Good grower 
1-26 Bajuk et al.. 1978 Good grower 
2-50 Bajuk et al., 1978 Low allocation to nodules, 
(Gordon and Wheeler, 1978) 
good grower. 
3-13 Bajuk et al., 1978 High allocation to nodules 
Wheeler, 1978) 
(Gordon and 
5-50 Bajuk et al., 1978 low shoot/root ratio 
Ind Independence, lA Very large tree, ca. 70 cm DBH 
^Clone designations are part of a program-wide system or have been 
maintained from previous studies using these clones. 
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MATERIALS AND METHODS 
First Growth Analysis; Experiment I 
To obtain plants for this experiment, a minimum of 50 cuttings per 
clone were taken from stock plants in late September, 1980. Single-node 
cuttings taken from vigorous, leafy shoots were dipped for a few seconds 
into ISA solution (3000 mg/1 indole-3-butyric acid, 200 mg/1 
8-hydroxyquinoline citrate, in 30% ethanol, pH adjusted to 6.5 with KOH), 
and were then inserted into a medium of equal parts Jiffy-mix, oil-dry, 
and perlite. The misting cycle was 30 sec every 5 min during daylight 
hours, and 2-3 times per hour during the night. Supplemental fluorescent 
and incandescent lighting extended the photoperiod to at least 16 hr. 
After the cuttings began to root in 3-4 weeks, the misting frequency 
was gradually reduced over a period of several weeks until the rooted 
cuttings were finally receiving one 15-rain misting period per day. In 
the middle of December, the rooted cuttings were potted into 4-inch 
square plastic pots with a medium of equal parts oil-dry and vermiculite. 
(Table 4 gives dates of this and subsequent events.) These potted trees 
were given an initial application of nutrient solution (Table 5). 
Thereafter, trees were given weekly applications of complete liquid 
fertilizer. During this establishment period, the plants were kept 
pruned to a single stem. 
When the cuttings were well established, they were transplanted into 
8-inch standard plastic pots containing sand;oil-dry (1:1) medium. The 
medium in each pot was mixed with crushed nodule Frankia inoculum (see 
20 
Appendix B) equivalent to 15 mg crushed nodule per pot. (The original 
source of Frankia was a mixture of spore "+" and spore isolates from 
the Netherlands. The mixture had been through several cycles of pot 
culture on alder trees. Microscopic examination of the inoculum revealed 
that it was predominantly or wholly spore "+". Donor trees for inoculum 
were always selected as vigorous individuals.) Each pot also received 
one 1 of nutrient solution without nitrogen (Table 5). At the time of 
transplanting, exposed roots were sprinkled with an inoculum suspension 
equivalent to 5 mg nodule per plant. This inoculation method resulted in 
the initiation of hundreds of nodules per plant. 
Table 4. Schedule of events during first growth analysis experiment 
Date 
Days after 
experiment began Event Performed 
12/16-17/80 
1/31-2/2/81 
2/3-5/81 
2/18-19/81 
3/3-4/81 
3/19-21/81 
4/2-3/81 
4/6-7/81 
4/20-23/81 
5/4-8/81 
1-3 
16-17 
29-30 
45-47 
59-60 
63-64 
77-80 
91-95 
Potted cuttings in 4 inch pots 
Transplanted to 8 inch pots, inoculated 
1st measurement 
2nd measurement, 
3rd measurement, 1st harvest 
4th measurement 
5th measurement 
6th measurement 
7th measurement, 
2nd harvest 
3rd harvest 
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Table 5. Nutrient solution applied to alder trees. Dilute solution was 
prepared from five different lOOX stock solutions as indicated 
lOOX Stock Dilute Solution 
Formula 8/1 mM e lement mg/1 Stock No. 
MgSO^-THgO 36.5 1.48 36/47 I 
CaClg-^HgO 31.8 2.16 87/153 II 
KH PO^ 
K^SO* 
22.1 
20.7 
1.62 
1.19 
63/50 
93/38 
III 
FeSO.-THgO 
Na EDTA 
H Bo-
MnClf-AHjO 
CuSO -H-O 
Znso.-yLo 
Na_MoO,-2H„ 
Coclg-oHgO 
1.39 
1.87 
.309 
.198 
.0250 
.0143 
0 .0121 
.0048 
.050 
.050 
.050 
.010 
.001 
.0005 
.0005 
.0002 
2.8 
1.4 (N) 
.54 
.55 
.064 
.033 
.048 
.012 
IV 
NH.NOn 14.3 1.79 50 V 
By this time, a serious problem had arisen in that there were not 
enough individuals of many clones to conduct the experiment as originally 
planned. This was primarily because of losses in the mist bed, although 
some were lost after transplanting to the small pots. It was decided to 
continue with the experiment, gaining whatever information possible, 
despite the difficulties in statistical analysis and interpretation. 
The plants were grown in a greenhouse bay with supplemental lighting 
to extend the photoperiod to at least 16 hr. The pots were set in 
rectangular galvanized sheet metal trays, 3 cm deep. Water was 
maintained in the trays at all times, thereby providing constant 
subirrigation and no leaching loss of nutrients from the potting medium. 
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At about the middle of the experiment (March 24, 1981), the pots were 
leached by repeated top irrigation and then refertilized with 
nitrogen-free nutrient solution (ca. one 1 per pot). 
The plants were arranged in a completely randomized design on 3 
adjacent benches in the greenhouse. The plan was to divide the plants 
into 3 groups to be harvested at monthly intervals. However, there were 
not enough individuals of some clones to do this. Hence, these clones 
were represented only in the final harvest (see Table 6). The final 
harvest individuals were measured (height, diameter, and leaf area) at 
2-week intervals during the experiment to provide individual growth 
curves and dry weight estimates which could be used for growth analysis. 
Height was measured from the potting medium surface to the end of 
the shoot tip. Diameter was measured with a dial caliper at the basal 
end of the new growth which emerged from the cutting. Lengths and basal 
diameters of all subsequent branches also were recorded. Leaf area was 
estimated from measurements leaf blade length and width by means of 
regression equations (see Results). Leaf dimensions were measured by 
positioning a grid behind the leaf so that the left and bottom edges of 
the leaf were aligned with the edges of the grid. Then the longest and 
widest extents of the leaf were read from the grid. All leaves greater 
than 1 cm long were measured. 
Trees were harvested during the evenings (see Table 4 for dates). 
The root systems were gently pulled from the potting medium, while 
submerged in a tub of water. With a little practice, this method and 
potting medium yielded fully intact root systems with negligible loss of 
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Table 6. Numbers of individuals per harvest in Experiment I. 3rd 
harvest trees also had 7 nondestructive measurements during the 
experiment. Number in parentheses indicates number of trees 
not colonized by Frankia before inoculation 
Number of Individuals 
Clone 1st Harvest 2nd Harvest 3rd Harvest 
14 _ — 6 (6) 
15 - - 6 (6) 
17 - - 3 (3) 
19 - - 6 (4) 
20 - - 6 (6) 
21 3 (3) 5 (5) 3 (3) 
25 - - 4 (4) 
32 - - 3 (2) 
33 3 (2) 5 (5) 3 (3) 
34 3 (2) 5 (5) 3 (3) 
37 3 (2) 4 (4) 3 (3) 
41 4 (3) 5 (5) 4 (4) 
42 6 (6) 6 (6) 6 (6) 
43 - - 6 (6) 
44 - - 2 (2) 
1-23 4 (2) 5 (5) 5 (5) 
1-26 6 (3) 5 (4) 6 (6) 
2-50 6 (3) 5 (1) 6 (6) 
3-13 4 (3) 5 (5) 4 (4) 
5-50 6 (4) 6 (5) 6 (6) 
fine roots. The roots were cleaned with a stream of water. The trees 
were separated into leaves (greater than 1 cm long), stems (including 
buds, stipules, and leaves less than 1 cm long), and roots plus nodules. 
Nodules were too small and too numerous to be separated from roots. 
Roots were cut at their point of emergence from the cutting. What was 
considered "stem" was only that part distal from the point where the 
original bud joined the stem of the cutting. This left the original 
cutting's stem, which was called the "stump". The stump comprised a 
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substantial portion of the dry weight of small plants at the first 
harvest. 
After being divided into parts, the trees were frozen. 
Subsequently, they were lyophilized, weighed to the nearest mg, and 
ground in a Wiley mill to pass a 40-mesh screen. The ground tissue was 
analyzed for nitrogen and starch content according to the procedures 
described in Appendixes C and D. 
Second Growth Analysis: Experiment II 
Because of the problems encountered in the first growth analysis, 
another was completed which started with larger, more uniformly sized 
trees, more clones, and more balanced replication. 
Cuttings of all 27 clones were placed under mist as before, on 
September 21-23, 1981. After rooting, (November 11-13, 1981) the plants 
were dipped in crushed nodule inoculum and potted into 4-inch pots 
containing inoculated sand:oil-dry. Plants were grown in the greenhouse 
with extended photoperiod as before. During this nodulation and growth 
period, the trees received periodic applications of nitrogen-free 
nutrient solution. In addition, the smallest individuals received a few 
applications of liquid fertilizer containing nitrogen in an effort to 
speed up their growth. Also during this period, the trees were pruned to 
a single stem and trained to grow vertically by tying to bamboo stakes. 
As each tree reached a predetermined size, judged by visually rating 
leaf area (ca, 8 large leaves for most clones), they were moved to 
controlled-environment chambers (8 hr photoperiod, 75-200 fiE/m^'sec 
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from cool white fluorescent tubes, 15 C day temperature, 10 C night 
temperature) to induce dormancy. In this way, all individuals were 
brought to a uniform size. Some plants were moved into dormancy-inducing 
conditions every few days over the period from February 6 to April 14, 
1982. The dormancy-inducement date (DDATE) was recorded for each tree. 
After being in the chamber for 2 weeks, the temperature was lowered to 10 
C day and 8 C night. Very little, if any, growth occurred under these 
conditions. 
Before all the trees had been moved to dormancy-inducing conditions, 
all available growth chamber space was filled. To make room, some of the 
first trees, which had lost most of their leaves, were moved to a walk-in 
cooler (4 C). 
On May 25, 1982 (day 0), the trees were removed from the growth 
chambers and cold storage. The 11 most uniformly sized individuals 
within each clone were chosen. Eight of these were transplanted to 8 
inch plastic pots containing sand;oil-dry (1:1) medium inoculated with 
crushed nodule inoculum (100 mg nodule per pot), and wetted with one 1 
per pot nitrogen-free nutrient solution. At the time of transplanting, 
any remaining leaves were removed. The pots were placed outdoors, in 
galvanized sheet metal trays in a protected area between greenhouses. 
Water was maintained in the trays throughout the experiment. The pots 
were arranged in a randomized complete block design consisting of 4 
blocks. Each block contained 2 complete sets of clones, one to be 
harvested early, the other, later. 
The day after planting the trees (day 1), the 3 remaining 
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individuals of each clone were measured and harvested. On the 58th day, 
July 22, 1982, the next set of 3 individuals per clone was harvested. 
The 4th block was not routinely harvested. It served as a "back-up" set 
in case one or more of the trees in the first three blocks were lost. 
The third and final harvest took place over a 3-day period (1 block per 
day) 113 to 115 days after the first harvest (September 15-17, 1982). 
Height and diameter measurements were made as before. Branches were 
counted, but not measured. Leaf areas were not measured until the final 
harvest, where they were measured with a LI-COR portable area meter. 
Harvesting, freezing, drying, grinding, and analysis proceeded as before, 
except that the "stump" was included as part of the stem. In contrast to 
the trees of Experiment I, the stump of these trees was a relatively 
small part of the total dry weight, and therefore, did not warrant 
separate analysis. 
Field Experiment 
To obtain stock for field planting, cuttings were placed in the mist 
in mid-December, 1980. All clones referred to in Tables 1, 2, and 3 were 
included except IND. In addition, another clone, 3-21, from the study of 
Bajuk et al. (1978) was included as a "fill-in" clone to be used where 
there was a shortage of other clones. The rooted cuttings were 
transplanted to book-type containers, and subsequently inoculated at the 
end of February. By mid-May, there was a great deal of variation in size 
of the planting stock. Most of the stock was planted on Hay 18, 1981. 
Some of the trees which were still quite small, were kept in the 
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greenhouse until mid-June. 
The trees were planted on a bottomland site at Iowa State 
University's farm near Rhodes, Iowa. The site had been plowed the 
previous year. The trees were planted at 1.5 m spacings in a square grid 
pattern. They were watered at planting time. Originally, 10 individuals 
of each clone were arranged in a modified randomized complete block 
design. Two rows of 13 trees comprised one replication. The rows were 
arranged such that every other row could be removed, and 5 complete 
replications would be left. However, because of mortality and subsequent 
replacement with available clones, the original design degenerated into 
one that is more like a completely randomized design with unequal 
replication. 
The weather during the establishment year, 1981, was rather dry and 
was probably responsible for the mediocre survival rate. Weeds were 
controlled by mowing and spot application of glyphosate herbicide. The 
1982 growing season was quite moist, and the trees made good growth. 
Height and diameter were measured at the end of the 1982 growing season. 
Diameter was measured near ground level at a point of relative minimum 
diameter below the lowest branch and above the root collar. 
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RESULTS 
Nondestructive Growth Analysis, Experiment 1 
Leaf area expansion 
The first step was to convert leaf dimension measurements into 
estimates of leaf area with appropriate regression equations. The 
regression equations were derived from a sample of 9 leaves from each of 
the final harvest trees (819 total). The leaf dimensions were measured 
as described previously. The leaf areas were determined with a LI-COR 
portable area meter (Model LI-3000, Lambda Instruments Corp.). The 
relationship between leaf area and leaf dimensions best fit the model: 
A = a + bLW 
where A is estimated leaf area, L is leaf blade length, W is leaf blade 
width, and a and b are regression coefficients. 
Due to heteroscedasticity (nonhomogeniety of error) a weighted least 
squares procedure was used to derive regression equations. Each variable 
in the model was divided by LW to obtain a constant distribution 
of residuals over leaf size. There were statistically significant 
differences among clones with respect to their regression coefficients. 
A plot of slopes vs. intercepts for all clones revealed that the clones 
could be divided into 3 groups, such that the variation within groups was 
small enough that 3 equations (1 per group) predicted leaf area nearly as 
precisely as 20 equations (1 per clone). These 3 equations (Table 7) 
were thus used to estimate leaf areas from all leaf measurements. 
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Table 7* Regression equations used to convert leaf dimensions to leaf 
areas. Pooled for all 3 equations was 0.999 
Clones n Equation* 
37, 2-50 81 A = -4 + (.703 x L x W) 
11', 11', A . -, + (.728 . I X W) 
14, 21, 32, 33, 43, 5-50 243 A = -16 + (.748 x L x W) 
â o " " 
Where A is estimated leaf area in mm 
L is leaf length in mm 
W is leaf width in mm. 
Individual leaf areas for each tree at each measurement date were 
summed, and leaf area accumulation curves were plotted, as were natural 
log (In) transformations of the leaf areas (Figs. 3-6). The clones 
chosen for illustration were representative of the range of variation 
within and among clones. 
12H CLONE 15 15-
CVJ 
10-
T3 
TJ 
20 40 80 0 
Days After Inoculation 
40 20 60 80 
Fig. 3. 2 2 Plots of estimated total leaf area (dm ) and natural log of total leaf area (mm ) 
over 7 measurement periods; clone 15. Each line represents one individual tree 
15- CLONE 34 12-1 
80 0 20 
Days After Inoculation 
2 2 
Fig. 4. Plots of estimated total leaf area (dm ) and natural log of total leaf area (mm ) 
over 7 measurement periods ; clone 34. Each line represents one individual tree 
CLONE 42 
,11-cvj 
P, 
10-
•o 
40 60 80 
Days After Inoculation 
40 60 20 80 
2 2 Fig. 5. Plots of estimated total leaf area (dm ) and natural log of total leaf area (mm ) 
over 7 measurement periods; clone 42. Each line represents one individual tree 
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•o 
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Inoculation 
Fig. 6. 2 2 Plots of estimated total leaf area (dm ) and natural log of total leaf area (mm ) 
over 7 measurement periods ; clone 1-23. Each line represents one individual tree 
34 
Stem growth 
The lengths (L) and diameters (D) of main stems and branches were 
used to estimate stem dry weights (SW). To find a suitable regression 
equation, stems from the second harvest were measured (L and D), and then 
2 2 dried and weighed. All linear combinations of L, L , D, and D 
were tested in addition to a nonlinear model of the general form: 
SW = aL^^c 
where a, b, and c are regression coefficients. 
2 After examining R values, significance values, and plots of 
residuals, the following equation was chosen as the best: 
SW (mg) = 36 + 0.004L^ + 0.1560% - 1.34D (R^ = .98, n = 96) 
where L was expressed in mm and D was expressed in thousandths of inches. 
Plots of residuals over clones revealed that for most clones the 
estimates appeared unbiased. However, a few clones tended to be 
underestimated while others tended to be overestimated. For this reason, 
it might have been better to consider clonal effects in the regression. 
Unfortunately, there was not a sufficient number of individuals of each 
clone to do this. Thus, the estimates of stem dry weight were not 
considered to be as accurate or precise as the estimates of leaf area. 
Stem dry weight accumulation curves, and their natural log 
transformations were plotted (Figs. 7-10). 
CLONE 15 
O) 
•a 
•o 
c 3-
20 40 60 80 0 2C 
Days After Inoculation 
60 80 40 
Fig. 7. Plots of estimated total stem dry weight (g) and natural log of total stem weight (mg) 
over 7 measurement periods ; clone 15. Each line represents one individual tree 
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Fig. 8. Plots of estimated total stem dry weight (g) and natural log of total stem weight (mg) 
over 7 measurement periods; clone 34. Each line represents one individual tree 
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O) 
ô) 2-
.5 4-
40 
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Fig. 9. Plots of estimated total stem dry weight (g) and natural log of total stem weight (mg) 
over 7 measurement periods; clone 42. Each line represents one individual tree 
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Fig. 10. Plots of estimated total stem dry weight (g) and natural log of total stem weight (mg) 
over 7 measurement periods; clone 1-23. Each line represents one individual tree. 
The negative deviation of one growth curve is interpreted as a measurement error 
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Shoot growth dynamics 
The combination of leaf area and stem weight accumulation curves for 
91 individuals among 20 clones lends itself to several sorts of analysis. 
Relative growth rate (R) of the shoot, unit leaf rate (E) (synonymous 
with net assimilation rate) of the shoot, and allometric relationships 
between leaf and stem growth were examined. Calculation of some of these 
values required leaf weights in addition to leaf areas. Leaf weight (LW) 
was estimated from leaf area (A) by the equation: 
LW (mg) = A (mm^) x SLW (mg/mm^) 
where SLW is the specific leaf weight. 
The SLW was calculated for each tree at the end of the experiment by 
dividing leaf weight by leaf area. It was assumed that SLW did not 
change during the experiment. Before considering differences among 
individuals and clones, it is useful to look at the overall shoot growth 
patterns (Fig. 11). The pronounced lag in shoot growth for the first 
month coincided with the period of nodulation. No combined nitrogen was 
provided to the trees during this period. By the end of this lag, most 
of the leaves had become yellow and some lower leaves were beginning to 
abscise. A few of the trees did not turn yellow, but remained green and 
began rapid growth before the rest. These "green" trees were recorded as 
such (Table 6). When they were harvested, they were all found to have 
one large nodule in addition to the normal hundreds of small nodules. 
Apparently, they had become colonized from some extraneous source of 
Frankia before they were inoculated at the beginning of the experiment. 
These "pre-colonized" trees probably should have been excluded from the 
Fig. 11. Overall mean estimated leaf and stem dry weight (g) and natural log of dry weight (mg) 
over 7 measurement periods of Experiment I. 
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experiment. However, being constrained by a shortage of individuals, 
they were kept. The pre-colonized trees were included in some analyses 
and not in others, depending on whether or not they were obviously 
different from their "normal" counterparts. For example, pre-colonized 
trees were not included in analyses of nitrogen content and final dry 
weight. They were included in analyses of such things as unit leaf rate, 
allometric relationships, and shoot/root ratios. 
After the initial lag period, leaf area accretion was approximately 
exponential. For the last four measurement dates, a linear regression 
line was fitted to a plot of In (A) vs. time for each tree. The slope of 
this line estimated the relative growth rate of leaf area (see Table 8). 
There were highly significant differences among clones with respect to 
this parameter. However, there was substantial variation within clones 
and the clonal rankings showed no relationship with ortet field 
performance. There was a fair correlation between the slopes and final 
dry weight in this experiment, if a few notable exceptions are ignored. 
Mean unit leaf rate (E) for shoots was calculated for the time 
period between the 3th and 6th measurements using the formula: 
_ W- - W, In (A,) - In (A,) 
E = —= X — (Beadle, 1982) 
^2 - h h ~ ^l 
where W = shoot dry weight (SW + LW) and t = time in days. This time 
period was chosen because it was a period of rapid and nearly linear 
growth among most individuals. There were significant differences among 
clones, but no relationship between rank order and ortet field 
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performance (see Table 8)• Growth performance in this experiment was 
slightly better correlated with unit leaf rate than with relative growth 
rate of leaf area. Apparently, unit leaf rate was a fluctuating 
characteristic, because during the subsequent (last) measurement period 
there were no significant differences among clones and the overall mean 
unit leaf rate had dropped to 0.22 mg/cm^'da. During the previous 
growth period (between 4th and 5th measurements), mean unit leaf rate was 
about the same as during the period reported (Table 8). However, within 
clone variation was greater, thereby reducing the contribution of clonal 
variation. Also, the rank order was somewhat different. 
To examine allometric growth between leaves and stems, In (LW) was 
plotted over In (SW). Despite irregularities during and shortly after 
the modulation period, by the 5th measurement date, these log ratios had 
converged to a straight line that continued on through to the end of the 
experiment (see Fig. 12). The adherence to allometric growth was quite 
consistent within individuals, and only slightly less so within clones. 
It seemed little influenced by plant size or growth rate. (The most 
outstanding exception was clone 44, represented by only 2 individuals, 
one with a slope of 0.65, the other a slope of 1.10.) There were 
significant differences among clones (Table 8), but no obvious patterns 
with respect to clone performance. There was a negative relationship 
between slopes and intercepts of the regression lines (Table 8). When 
these lines were plotted together, they tended to converge at a point 
that roughly corresponded to the average leaf and stem weight at the 5th 
measurement date. At this point, leaf weight was about 4 times greater 
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than stem weight. This explains how the relative growth rate of stems 
could be greater than that of leaves while the absolute growth rate of 
leaves was greater. 
Table 8. Clonal mean rankings of nondestructive growth analysis 
parameters. Experiment I 
Relative Growth Rate* Unit Leaf Rate^ Allometric Coefficients^ 
of Leaf Area shoot only In (leaf wt) vs. In (stem wt) 
Clone cm^/cm^*da Clone mg/cm^'da Clone Slope Intercept 
1-23 .046 1-26 .42 - 17 .90 2.1 
2-50 .046 2-50 .37 + 44 .85 2.1 
1-26 .044 1-23 .36 - 32 .79 2.5 
+ 44 .041 - 21 .34 5-50 .74 3.1 
+ 42 .038 - 34 .33 + 42 .73 3.2 
- 32 .038 + 14 .32 - 21 .73 2.8 
- 21 .037 - 25 .32 1-23 .68 3.5 
3-13 .037 + 42 .32 - 19 .66 3.4 
+ 20 .036 + 33 .31 + 20 .66 3.2 
- 17 .035 + 37 .30 2-50 .65 3.6 
+ 37 .034 + 41 .29 + 15 .65 3.3 
- 34 .034 + 20 .29 + 14 .61 3.7 
- 25 .033 - 32 .28 1-26 .61 4.0 
- 43 .033 - 43 .27 + 33 .60 3.7 
+ 15 .033 + 15 .27 + 37 .59 4.0 
+ 41 .032 5-50 .26 3-13 .59 3.9 
+ 14 .032 3-13 .25 - 43 .58 4.0 
+ 33 .031 - 19 .25 - 25 .58 3.7 
5-50 .031 + 44 .23 + 41 .58 3.8 
- 19 .028 - 17 .21 - 34 .50 4.3 
S.E. .004 .02 .04 .26 
*From linear regression over the 4th through 7th measurement dates. 
Mean calculated between 5th and 6th measurement dates. 
^From linear regression over the 5th through 7th measurement dates. 
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Fig. 12. Allometric relationship between leaf and stem growth of 
2 representative clones, 42 and 34. Each line represents 
one tree 
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Size and Dry Weight Analyses 
Before considering clonal and other variation sources, it is helpful 
to consider overall patterns of dry weight distribution and accumulation 
over successive harvests for both growth analysis experiments. Between 
the first and second harvests of Experiment I (Fig. 13, Table 9), leaves 
grew faster than other parts. Following this burst of leaf growth, stem 
and root growth increased relative to leaf growth. Throughout the 
experiment, the stump's contribution to the total dry weight decreased, 
being diluted by extension growth of other organs. 
Experiment II began with no leaves. Leaf growth made successive 
gains during both growth periods, while the relative proportion of stem 
and the stem/root ratio decreased (Fig. 14, Table 10). Initial growth of 
the trees was very slow. This slow start was in stark contrast to the 
usual springtime burst of growth exhibited by alder trees in the field. 
The slow start appeared to result from a lingering dormancy. This was 
evidenced by the observation that basal buds often broke before distal 
and terminal buds (the reverse of the usual occurrence). Also, as a 
general rule, the later the trees were moved to dormancy-inducing 
conditions, the later they broke bud and the slower they grew. This 
negative correlation between DDATE and growth was most pronounced at the 
second harvest, but slight effects (borderline significance) were still 
evident at the end of the experiment. (There was no significant effect 
of DDATE on dry weight at the first harvest.) The influence of DDATE on 
various parameters over the three harvests is shown in the form of 
partial correlation coefficients (Table 11). 
<^STEIVI 
. 13. Mean dry weight distribution and accumulation over the 
3 harvests of Experiment I. Area enclosed is proportional 
to dry weight (1 cm^ = 250 mg). Darkened areas represent 
starch 
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Table 9. Pooled means and coefficients of variation (CV) of 11 clones 
for each of the three harvests of Experiment I, plus the 
pooled mean for all 20 clones at the third harvest 
Harvest 1 CV 2 CV 3 CV 3 all CV 
Leaves 421 44 1373 38 3961 43 3094 56 
Dry Weight Stem 114 80 316 52 1655 54 1247 71 
(mg) Stump 476 55 516 40 882 37 717 50 
Roots 451 51 1023 52 3890 34 3145 48 
Total 1462 42 3250 36 10388 39 8203 53 
Leaves 1.76 44 3.47 13 2.28 16 2.32 16 
Stem 1.29 16 1.68 15 0.98 15 1.05 21 
Percent N Stump 0.86 12 0.81 18 0.71 17 0.73 19 
Roots 1.53 17 1.63 16 1.43 18 1.50 17 
Whole plant 1.37 23 2.28 11 1.61 10 1.66 12 
Leaves 8 80 48 39 91 45 73 58 
Stem 2 91 5 47 16 52 12 67 
Total N (mg) Stump 4 65 4 43 6 37 5 50 
Roots 7 53 16 36 54 30 45 44 
Total 21 57 74 38 166 39 135 53 
Leaves 18.9 42 16.4 17 21.5 32 19.2 34 
Stem 12.2 35 2.8 43 3.8 38 3.4 42 
Percent Starch Stump 21.0 19 13.3 34 13.3 30 12.6 30 
Roots 12.8 19 9.5 31 12.9 23 12.1 22 
Whole plant 17.4 21 12.6 18 14.9 22 13.7 23 
Leaves 81 65 233 49 897 61 636 80 
Total Starch Stem 14 74 8 75 62 56 43 80 
(mg) Stump 96 44 71 57 121 49 94 63 
Roots 58 54 102 56 521 48 400 62 
Total 249 38 418 46 1600 48 1175 65 
Fig. 14. Mean dry weight distribution and accumulation over the 3 
harvests of Experiment II. Area enclosed is proportional 
to dry weight (1 cm^ = 250 mg). Darkened areas represent 
starch 
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Table 10. Overall means and coefficients of variation (CV) for each 
harvest of Experiment II 
Harvest 1 CV 2 CV 3 CV 
Leaves — 1727 44 7149 49 
Dry Weight Stem 1921 23 2484 22 6707 50 
(mg) Roots 2527 26 2835 28 9154 43 
Total 4448 21 7047 27 23011 46 
Leaves «•i — 2.10 31 2.51 7 
Percent N Stem 1.19 20 0.70 19 0.65 11 
Roots 1.26 15 1.07 13 1.05 8 
Whole plant 1.23 16 1.15 14 1.38 7 
Leaves — — 33 34 179 47 
Total N Stem 23 27 17 21 44 52 
(mg) Roots 32 30 30 25 96 44 
Total 55 26 80 24 319 46 
Leaves — — 12.7 52 7.9 34 
Percent starch Stem 9.1 55 2.7 54 3.8 42 
Roots 17.5 35 3.5 36 9.4 32 
Whole plant 13.9 39 5.5 41 7.3 27 
Leaves — 237 72 600 74 
Total starch Stem 181 65 68 63 273 79 
(mg) Roots 451 50 105 67 944 73 
Total 632 51 410 64 1817 69 
Table 11. Partial correlation coefficients (r) of various parameters 
with the dormancy-inducement date (DDATE), effect of clone 
removed. Number in parentheses is the significance level of r. 
"ns" means the correlation was not significant at the 0.2 
level. (The higher the value of DDATE, the later the trees 
were induced to dormancy, and consequently, the shorter was 
their dormant period.) 
1st Harvest 2nd Harvest 3rd Harvest 
Total weight 
Shoot weight 
Shoot/Root ratio 
Whole plant % N 
Leaf % N 
Whole plant % starch 
Root % starch 
ns 
ns 
.34 (.0127) 
( .0001) - .68 
.73 (.0001) 
.67 (.0001) 
-.45 (.0007) 
-.51 (.0001) 
-.43 (.0012) 
.26 (.0635) 
.55 (.0001) 
-.23 (.1034) 
.19 (.1783) 
-.26 (.0524) 
-.23 (.0970) 
ns 
.37 (.0061) 
.33 (.0131) 
ns 
ns 
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In Experiment I, there were significant size differences among 
clones at the beginning of the experiment. This was because of the usual 
variation in rooting and establishment rates. The size differences at 
the end of the experiment (Table 12} were thus the result of initial size 
differences and growth rate differences during the experiment. Initial 
size differences were removed in Experiment II, as evidenced by analysis 
of variance which showed no significant clonal differences with respect 
to total dry weight and shoot dry weight at the beginning of the 
experiment. (There were significant differences, though, in both height 
and diameter.) Thus, the clonal differences in dry weight, which had 
accumulated by the end of the experiment (Table 13), were the result of 
growth rate differences only. However, the clonal growth rates were 
confounded by variation in the apparent dormancy status. 
Regardless of confounding factors, most "+" clones were placed above 
most clones by the clonal dry weight rankings at the ends of 
Experiments I and II. In fact, of all parameters examined in this study, 
total dry weight seemed the best indicator of ortet field performance. 
Shoot weight rankings were nearly identical with total weight rankings. 
This was due, at least in part, to the general positive correlation 
between total dry weight and shoot/root ratio. 
Shoot/root ratios changed over harvests and between experiments 
(Figs. 13 and 14). Generally, there was a positive correlation between 
shoot/root ratio and shoot weight. Considering this correlation, clonal 
mean rankings of shoot/root ratio are presented both in their raw form 
and corrected for shoot weight by analysis of covariance (Table 14). 
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Table 12. Clonal mean rankings of various final size measurements, 
Experiment I 
Total Dry Wt. Shoot Dry Wt. Diameter Height 
Clone (g) Clone (g) Clone (mm) Clone (cm) 
1-23 16.6 1-23 9.6 1-23 73 + 14 56 
2-50 13.9 2-50 8.3 2-50 68 1-26 53 
+ 42 13.4 + 42 7.2 + 42 64 2-50 52 
1-26 12.3 1-26 7.1 + 37 58 1-23 52 
5-50 12.1 5-50 6.0 1-26 55 + 20 48 
+ 37 11.3 + 37 5.9 + 14 54 + 37 45 
+ 14 10.6 + 14 5.9 5-50 53 + 42 44 
+ 20 8.5 + 20 4.3 + 20 50 5-50 43 
+ 41 7.3 + 33 3.7 - 21 49 + 41 42 
+ 33 7.2 - 21 3.7 + 33 48 + 33 41 
- 21 6.9 + 41 3.7 3-13 47 - 21 40 
3-13 6.8 3-13 3.5 + 41 46 - 34 38 
- 34 6.6 - 34 3.2 - 34 46 3-13 37 
- 43 6.3 - 43 3.2 - 43 42 - 19 35 
- 19 5.6 - 17 2.8 - 19 42 - 43 28 
- 17 5.5 - 19 2.4 - 17 41 - 32 26 
- 25 3.7 - 32 1.8 - 25 37 + 15 25 
- 32 3.7 - 25 1.7 + 15 36 - 25 23 
+ 15 3.3 + 15 1.7 - 32 33 - 17 21 
+ 44 2.6 + 44 1.2 + 44 33 + 44 18 
S.E. 1.5 0.9 4 6 
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Table 13. Clonal mean rankings of various final size measurements, 
Experiment II 
Total Dry Wt. Shoot Dry Wt, Diameter Height 
Clone (g) Clone (g) Clone (mm) Clone (cm) 
+ 37 42.1 + 37 27.6 + 37 112 - 34 91 
5-50 38.8 + 14 24.2 + 14 108 + 37 91 
+ 14 37.4 5-50 22.9 + 42 106 + 41 88 
+ 42 35.8 + 41 21.7 5-50 102 + 14 87 
+ 41 34.8 + 42 21.2 + 41 98 3-13 75 
- 45 30.7 - 34 18.9 1-26 92 46 74 
- 34 29.2 - 45 17.6 - 34 91 - 32 73 
1-26 28.7 1-26 17.4 2-50 91 + 44 70 
+ 30 27.2 + 44 16.5 + 44 88 5-50 70 
+ 44 26.7 + 30 14.8 1-23 88 1-26 69 
- 32 23.4 - 32 14.2 + 30 88 + 33 65 
3-13 23.3 3-13 13.8 - 45 86 - 45 65 
2-50 22.2 2-50 13.1 3-13 85 - 16 63 
1-23 21.1 1-23 12.1 - 32 82 + 42 62 
46 20.2 46 12.1 + 33 79 - 21 60 
- 43 19.5 - 43 11.8 + 15 78 2-50 60 
- 16 18.4 - 16 10.8 - 43 76 - 40 57 
+ 15 17.1 + 33 10.5 46 75 - 43 56 
+ 33 16.9 + 15 10.4 - 17 74 1-23 55 
- 17 16.8 - 21 9.4 — 16 73 - 25 54 
- 21 15.8 - 17 9.1 - 25 72 - 39 52 
- 39 15.1 - 39 9.0 - 21 69 - 19 52 
- 40 14.5 - 40 8.7 - 19 69 + 15 51 
- 19 14.5 - 19 8.4 - 39 68 + 30 50 
- 25 14.2 - 25 8.2 - 40 68 IND 48 
IND 10.5 IND 6.0 + 20 58 + 20 39 
+ 20 8.2 + 20 4.8 IND 56 - 17 35 
S.E. 3.6 2.3 5 6 
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Table 14. Clonal mean rankings of shoot/root ratios, final harvest of 
both experiments 
Experiment I Experiment II 
Corrected* Corrected* 
Clone Mean Clone Mean Clone Mean Clone Mean 
2-50 1.78 2-50 1.59 + 37 1.91 - 34 1.76 
1-23 1.73 + 14 1.56 + 14 1.84 + 37 1.73 
1-26 1.65 1-26 1.53 - 34 1.82 + 14 1.71 
+ 14 1.61 1-23 1.48 + 33 1.66 + 33 1.70 
+ 42 1.36 + 15 1.47 + 41 1.64 - 40 1.60 
- 21 1.35 - 32 1.47 + 44 1.63 + 44 1.60 
3-13 1.35 3-13 1.41 - 43 1.57 - 43 1.59 
+ 37 1.33 - 21 1.40 + 15 1.55 + 15 1.59 
+ 15 1.31 + 33 1.36 - 32 1.54 - 32 1.54 
+ 33 1.31 - 25 1.31 - 40 1.54 + 41 1.54 
- 32 1.27 - 34 1.31 1-26 1.54 46 1.52 
+ 41 1.24 + 41 1.30 46 1.50 + 20 1.51 
- 34 1.23 + 44 1.29 + 42 1.46 - 39 1.49 
+ 20 1.22 + 37 1.27 3-13 1.46 1-26 1.49 
- 43 1.17 - 43 1.25 5-50 1.44 - 21 1.48 
5-50 1.16 - 17 1.25 - 39 1.43 - 16 1.46 
- 25 1.15 + 20 1.24 - 21 1.43 3-13 1.46 
- 17 1.14 + 42 1.24 - 16 1.42 IND 1.46 
+ 44 1.10 5-50 1.10 + 20 1.40 - 19 1.44 
- 19 0.96 - 19 1.08 2-50 1.39 - 25 1.44 
- 19 1.37 2-50 1.40 
S.E. 0.08 0.07 - 25 1.37 + 42 1.37 
IND 1.36 1-23 1.35 
- 45 1.35 5-50 1.33 
1-23 1.32 
- 45 1.30 
- 17 1.22 - 17 1.28 
+ 30 1.19 + 30 1.18 
S.E. 0.09 0.09 
^eans corrected for shoot weight. 
It is useful to know how well the simple, nondestructive measures of 
height and diameter correlated with dry weight and other parameters. 
Both height and diameter were highly correlated with dry weights in both 
experiments (Table 15). More importantly, diameter was more strongly 
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Table 15. Correlation coefficients of various parameters with height 
and diameter, final harvest of Experiments I and II 
Experiment I (n = 91) Experiment II (n = 81) 
Parameter Height Diameter Height Diameter 
Height 1.00 .79 1.00 .70 
Diameter .79 1.00 .70 1.00 
Total weight .84 .93 .75 .93 
Shoot weight .84 .94 .80 .92 
Leaf area .78 .94 .69 .91 
Leaf weight .81 .94 .72 .93 
Stem weight .86 .92 .85 .88 
Root weight .81 .87 .64 .90 
Shoot/Root ratio .50 .55 .70 .39 
Whole plant % N ns ns ns ns 
Total N .86 .90 .73 .92 
Root % starch .24 .27 .36 .66 
Total starch .69 .86 .56 .84 
correlated than height with nearly all the parameters in the table. This 
indicates that diameter may be a more useful nondestructive measure than 
height. 
Height and diameter rankings of the clones in the field experiment 
were made (Table 16). Only the survivors from the original planting were 
included in the analysis. It is noteworthy that the diameter ranking 
places more "+" clones above clones than does the height ranking. 
At planting time, there were substantial size differences among clones. 
Thus, the 2-year size differences may reflect some of these initial 
differences. 
About half of the individuals of four clones, 34, 39, 45, and 46, 
formed flower buds during the second growing season. Generally, it was 
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the larger individuals within each clone that formed flower buds. It is 
noteworthy that all these precocious flowering clones were selected as 
poor growers or heavy flowerers. 
Table 16. Clonal mean rankings of height and diameter, field experiment 
Clone Diam (mm) n Clone Ht (cm) n 
+ 42 46 9 + 37 180 6 
+ 37 37 6 + 14 173 8 
+ 14 34 8 - 40 161 7 
1-26 34 7 - 21 160 5 
- 21 33 5 + 44 157 2 
1-23 32 8 1-26 155 7 
- 40 31 7 + 42 151 9 
2-50 30 4 3-21 149 2 
+ 15 26 8 46 146 7 
+ 41 25 8 1-23 145 8 
+ 44 25 2 + 33 145 7 
+ 33 24 7 2-50 139 4 
- 34 23 7 - 39 136 8 
3-21 23 2 + 41 136 8 
- 32 23 6 - 34 134 7 
- 39 22 8 5-50 131 1 
5-50 22 1 3-13 129 6 
+ 30 21 5 - 32 123 6 
46 21 7 - 45 121 5 
3-13 20 6 + 15 113 8 
- 45 19 5 - 19 109 5 
- 19 19 5 - 25 107 5 
- 17 18 4 + 20 100 2 
- 25 18 5 — 16 98 4 
- 43 17 5 + 30 94 5 
+ 20 15 2 - 43 90 5 
- 16 15 4 - 17 85 4 
S.E. 3 15 
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Nitrogen Fixation 
Percent N was the least variable of all parameters examined in this 
study, CVs at any one harvest being in the range of 10-20% (Tables 9 and 
10). Compared with other parameters, percent N was relatively stable 
over harvests and between experiments. At the final harvest of both 
experiments, CVs for percent N tended to be their smallest, while CVs for 
dry weight tended to be their largest. The CVs for total N were 
comparable to the CVs for dry weight. 
Fully leaved plants had about 45-65% of their N in the leaves, which 
usually contained 2-3% N. The root system, including nodules, contained 
1-2% N, and was the next largest reservoir, accounting for about 25-35% 
of the plants' total N. By the end of both experiments, the combined 
leaf and root N accounted for over 80% of the plants' total N. A trend 
was observed that percent N in stems and roots generally declined as 
these organs increased in size, while the percent N in leaves was not so 
strongly related to leaf size or total leaf weight per plant. This 
expected trend was outweighed in Experiment I by the post-nodulation 
burst in N-fixation which caused percent N to increase in all organs. 
Since no N fertilizer was provided during these experiments, the N 
contents can be interpreted in terms of N fixation. N-fixation during 
the experimental periods can be estimated by subtracting the first 
harvest total N from the last harvest total. Thus, the average tree in 
Experiment I fixed 145 mg N over ca. 63 days, while the average tree in 
Experiment II fixed 264 mg N over ca. 114 days. Between the first and 
second harvests of Experiment I, N-fixation proceeded relatively faster 
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than growth, as evidenced by the increase in percent N. By the end of 
the experiment, N percent had fallen slightly to a level intermediate 
between the levels of the first two harvests. Even though the percent N 
dropped during this period, the total N fixed was nearly double, 
reflecting the rapid growth over this period. 
The pattern of relative growth and N-fixation in Experiment II was 
the reverse of Experiment I. Over the first growth period percent N 
declined, indicating that growth, albeit slow, had proceeded relatively 
faster than N-fixation. At the time of the second harvest, the leaves 
were a light yellow-green color, indicating their somewhat lower N 
contents. By the final harvest, the leaves had become darker green, and -
their percent N was higher. About 90% of the total N fixed in Experiment 
II was fixed during the second half of the experiment when leaf area was 
large. 
The staggered dormancy-inducement of Experiment II succeeded in 
bringing the individual trees to a uniform size. However, the trees were 
not uniform with respect to N content, the first trees induced to 
dormancy having higher N contents than those induced later (Table 11). 
Interestingly, at subsequent harvests, DDATE had the reverse effect on 
percent N. 
Since leaves and roots account for most of the N, it is reasonable 
to look at these two organs for clonal differences. Simple analysis of 
variance revealed that clonal variation in percent N was of borderline 
statistical significance. In an effort to improve precision, variables 
correlated with percent N were used in analyses of covariance. 
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Generally, percent starch and root weight were negatively correlated with 
percent N, while leaf weight and DDATE were positively correlated. 
Often, these covariates were highly significant, but their inclusion did 
not greatly increase the significance of clonal variation. The corrected 
means from the analyses of covariance may or may not offer more valid 
comparisons than their uncorrected counterparts. Hence, both corrected 
and uncorrected clonal mean rankings of percent N are presented (Tables 
17 and 18). 
The rankings of leaf percent N show no pattern with respect to ortet 
field performance or growth performance in these experiments. The most 
interesting ranking is that of root N in Experiment II, where most "+" 
clones ranked above most clones. Disturbingly, the same trend was 
not apparent in Experiment I. The procedure used to determine N content 
was not precise enough to reliably detect such small differences among 
clones. So, it is possible that there is, in fact, a relationship 
between growth performance and root N percent, but this remains to be 
verified with more precise N analyses. 
At the end of Experiment I, there was no correlation between leaf 
percent N and root percent N; in Experiment II there was a small, 
positive correlation (r = .30, n = 81). Comparing the clonal rank order 
between experiments revealed that some clones maintained their relative 
position, while other clones substantially changed position. 
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Table 17. Clonal mean rankings of percent nitrogen in leaves and roots, 
final harvest of Experiment I 
Leaf Percent Nitrogen Root Percent Nitrogen 
Corrected* Corrected 
Clone Mean Clone Mean Clone Mean Clone Mean 
5-50 2.93 1-26 2.61 - 17 1.83 3-13 1.71 
- 43 2.64 + 33 2.61 3-13 1.83 - 17 1.70 
+ 14 2.61 5-50 2.59 + 44 1.83 + 44 1.65 
+ 41 2.61 - 25 2.56 + 14 1.60 + 14 1.60 
+ 44 2.58 + 41 2.50 + 20 1.59 + 20 1.57 
+ 33 2.53 - 43 2.43 + 15 1.56 + 33 1.54 
+ 20 2.42 + 44 2.42 - 34 1.55 2-50 1.54 
- 19 2.37 + 20 2.41 2-50 1.52 - 34 1.49 
2-50 2.36 + 42 2.32 + 33 1.51 1-26 1.49 
- 25 2.29 + 14 2.31 - 32 1.51 + 41 1.45 
+ 37 2.21 - 34 2.28 - 25 1.49 5-50 1.45 
- 17 2.17 - 19 2.26 + 41 1.48 - 32 1.44 
1-23 2.16 2-50 2.25 - 43 1.47 1-23 1.43 
- 32 2.16 - 32 2.24 - 21 1.46 - 43 1.42 
3-13 2.14 1-23 2.15 1-26 1.41 + 37 1.41 
- 34 2.12 + 37 2.13 - 19 1.36 + 42 1.40 
+ 42 2.08 - 21 2.11 1-23 1.31 + 15 1.38 
1-26 2.06 + 15 2.09 + 37 1.27 - 21 1.37 
+ 15 2.01 - 17 2.07 + 42 1.22 - 25 1.31 
- 21 1.92 3-13 2.05 5-50 1.20 - 19 1.30 
S.E. 0.15 0.14 0.10 0.10 
*Means corrected for leaf weight and leaf percent starch. 
Means corrected for root weight and root percent starch. 
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Table 18. Clonal mean rankings of percent nitrogen in leaves and roots, 
final harvest of Experiment II 
Leaf Percent Nitrogen Root Percent Nitrogen 
Corrected® 
Clone Mean Clone Mean Clone Mean" 
+ 30 2.78 + 33 2.72 + 30 1.19 
- 34 2.71 - 34 2.70 + 20 1.14 
- 25 2.68 + 30 2.69 + 41 1.14 
- 16 2.68 - 25 2.65 46 1.14 
- 19 2.61 - 16 2.62 + 44 1.13 
+ 33 2.60 - 45 2.60 - 17 1.12 
- 40 2.57 + 41 2.60 + 37 1.10 
+ 41 2.57 + 37 2.59 + 42 1.08 
46 2.55 - 32 2.59 + 33 1.08 
- 45 2.55 + 44 2.57 - 40 1.07 
- 32 2.54 + 42 2.54 + 14 1.05 
3-13 2.54 46 2.54 + 15 1.05 
- 39 2.52 - 43 2.53 - 43 1.05 
+ 44 2.52 - 40 2.51 - 45 1.04 
- 17 2.52 - 19 2.49 3-13 1.04 
- 43 2.50 3-13 2.49 - 39 1.03 
+ 20 2.50 + 14 2.48 - 25 1.03 
+ 42 2.48 - 39 2.48 - 16 1.03 
+ 14 2.46 5-50 2.46 1-26 1.02 
+ 37 2.45 1-26 2.44 - 34 1.01 
5-50 2.45 2-50 2.44 - 21 1.01 
2-50 2.43 + 20 2.43 - 19 1.01 
1-23 2.39 - 17 2.42 2-50 0.98 
- 21 2.37 - 21 2.38 IND 0.97 
1-26 2.32 1-23 2.35 1-23 0.96 
+ 15 2.31 + 15 2.28 - 32 0.94 
IND 2.26 IND 2.23 5-50 0.94 
0.10 0.10 0.04 
^eans corrected for DDATE and leaf percent starch. 
^There were no significant covariates. 
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Reserve Carbohydrate 
Average starch percents and total starch contents over harvests in 
both experiments are presented (Figs. 13 and 14, Tables 9 and 10). 
Percent starch was more variable than percent N; CVs at any one harvest 
were generally 20-40%, about twice as great as those for percent N. The 
CVs for total starch were usually in the range of 50-80%, greater than 
the CVs for dry weight or any other parameter examined. There were also 
substantial fluctuations in starch content over harvest periods and 
between experiments. Leaves and roots were found to be the major 
reservoirs for starch in nondormant trees. Stems usually had 
comparatively low starch levels. One exception was the 9% starch found 
in the dormant stems of Experiment II. Another exception was the 
consistently high percent starch (13-21%) found in the "stumps" of 
Experiment I. 
In both experiments, the starch percent at the first harvest was 
high, followed by a decrease and then a moderate increase. In Experiment 
II, there was even a decrease in total starch between the first and 
second harvests, despite an increase in dry weight. During each 
experiment, root percent starch showed greater fluctuation than percent 
starch in other organs. Between experiments, on the other hand, the 
percent starch in roots was similar, while the Experiment I leaves had 
2-3 times the starch concentration of the Experiment II leaves. 
The later that the Experiment II trees were induced to dormancy, the 
greater was their percent starch at the first harvest (Table 11). (This 
was the opposite of percent N.) At subsequent harvests, DDATE had an 
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insignificant effect on percent starch. 
The final harvests of both experiments took place over a several day 
period. There were day to day fluctuations in leaf and root starch 
contents. These fluctuations were found to be related to fluctuations in 
daily total solar radiation (Figs. 15 and 16). Immediately after sunny 
days, there was a high level of leaf starch. Cloudy days were 
immediately followed by low levels of leaf starch. Root starch 
fluctuations followed the same pattern but were smaller and lagged about 
one day behind the leaf starch fluctuations. Day to day fluctuations 
aside, it is interesting to compare the two experiments. When Experiment 
I was harvested in May, daily total solar radiation was about twice that 
in September, when Experiment II was harvested. Likewise, leaf percent 
starch was about twice as great in May as in September. Root percent 
starch, on the other hand, was about the same in both experiments. 
The variation in percent starch within harvest dates was largely due 
to clonal effects, although there were significant covariates. Leaf 
weight and especially root weight were positively correlated with their 
starch percents. The clonal mean rankings (Tables 19 and 20) show no 
consistent pattern with respect to ortet field performance, although 
there is a tendency for the best growers to have higher starch percents. 
Leaf percent starch rankings were not highly correlated with root percent 
starch rankings. Most clones ranked comparably in both experiments, but 
there were notable exceptions. For example, clones 21 and 1-23 ranked 
high in leaf starch in Experiment I, and low in leaf starch in Experiment 
II, while clones 44 and 5-50 showed the reverse trend. 
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Table 19. Clonal mean rankings of percent starch in leaves and roots, 
final harvest of Experiment I 
Leaf Percent Starch Root Percent Starch 
Corrected 
Clone Mean* Clone Mean Clone Mean 
1-26 34.7 5-50 17.8 5-50 17.2 
+ 42 28.4 + 37 15.7 + 37 15.3 
1-23 24.4 + 42 15.0 + 33 14.6 
- 21 22.8 + 33 14.4 - 32 14.4 
- 25 22.6 - 32 13.7 + 42 14.3 
- 34 21.8 1-26 13.0 1-26 12.7 
2-50 20.7 1-23 12.3 - 43 12.3 
+ 33 20.0 - 43 12.1 + 41 12.2 
+ 20 18.9 + 41 12.0 - 19 11.9 
- 32 18.7 + 14 11.8 - 34 11.8 
+ 37 18.7 - 19 11.6 + 14 11.7 
+ 15 18.2 - 34 11.5 1-23 11.5 
3-13 16.2 + 20 11.3 + 44 11.3 
+ 41 15.8 2-50 10.5 + 20 11.2 
- 17 15.3 + 44 10.5 - 25 10.6 
- 19 14.8 - 21 10.3 + 15 10.6 
+ 14 13.8 - 25 9.9 - 21 10.5 
- 43 13.4 + 15 9.8 2-50 10.1 
5-50 13.2 3-13 9.4 - 17 9.8 
+ 44 12.3 - 17 9.4 3-13 9.7 
S.E. 1.8 0.8 0.9 
^There were no significant covariates. 
^Means corrected for root weight. 
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Table 20. Clonal mean rankings of percent starch in leaves and roots, 
final harvest of Experiment II 
Leaf Percent Starch Root Percent Starch 
Corrected® Corrected^ 
Clone Mean Clone Mean Clone Mean Clone Mean 
1-26 14.8 1-26 14.4 5-50 17.3 5-50 15.1 
5-50 10.6 5-50 9.9 + 42 14.9 + 42 13.1 
+ 42 10.4 + 42 9.9 + 37 12.8 - 39 11.5 
2-50 9.3 - 39 9.4 + 41 11.6 + 37 11.0 
+ 44 9.2 2-50 9.3 + 30 11.0 - 40 10.8 
- 39 9.1 + 44 9.0 - 34 10.6 + 33 10.3 
3-13 9.0 3-13 9.0 - 39 10.5 + 41 10.3 
- 32 8.6 + 20 8.8 + 14 10.2 - 34 10.2 
+ 20 8.3 - 32 8.6 1-26 10.0 - 17 10.1 
+ 37 8.2 - 40 8.2 - 40 9.7 + 20 9.9 
+ 41 8.2 - 45 7.8 - 17 9.6 + 30 9.9 
- 45 8.1 + 41 7.8 + 33 9.6 1-26 9.3 
- 40 7.9 + 15 7.8 + 44 9.5 + 44 9.2 
+ 15 7.7 + 33 7.8 - 45 9.2 - 16 9.2 
+ 33 7.5 - 25 7.7 2-50 8.8 - 19 9.2 
- 25 7.3 IND 7.6 - 16 8.7 + 14 8.9 
46 7.3 + 37 7.5 3-13 8.5 2-50 8.8 
1-23 7.2 46 7.3 - 19 8.2 3-13 8.8 
IND 7.1 1-23 7.3 1-23 8.1 - 43 8.3 
- 34 6.5 - 21 6.5 + 20 8.1 1-23 8.2 
+ 14 6.4 - 43 6.5 - 32 8.0 - 32 8.0 
- 43 6.4 - 17 6.4 - 43 7.8 - 45 8.0 
+ 30 6.3 - 34 6.3 46 7.2 46 7.5 
- 21 6.2 - 16 6.2 - 21 6.6 - 21 7.5 
- 17 6.1 + 30 6.1 - 25 6.4 - 25 7.4 
- 16 6.0 - 19 6.0 + 15 6.1 + 15 6.9 
- 19 5.6 + 14 5.9 IND 4.8 IND 6.4 
S.E. 1.3 0.7 0.9 0.9 
^Means corrected for leaf weight and harvest date. 
Means corrected for root weight and harvest date. 
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In Experiment I, there was a negative correlation between relative 
growth rate of leaf area (Table 8) and percent starch in roots. Using 
analysis of variance to remove clonal effects and the effect of root 
weight, a highly significant partial correlation of -.42 (df = 68) was 
found. In other words, within clones, corrected to the same size, those 
individuals which had a higher rate of relative leaf growth, tended to 
accumulate less starch in their roots. This sort of physiological 
trade-off provides evidence that differences in carbohydrate allocation 
occurred within clones, and may help explain the nonuniformity of growth 
within clones. The cause for these differences is unknown, but may be a 
residual effect of position on the stock plant or auxin treatment of the 
cutting. The possibility that such effects could endure for this length 
of time is supported by the observation that some trees grew 
plagiotropically throughout both experiments. At any rate, this 
phenomenon indicates that patterns of carbohydrate allocation are not 
purely clonal characteristics. 
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DISCUSSION 
The primary goal of this research was to gain a better understanding 
of genetic variation in growth of alder trees. Of course, genetic 
variation must be expressed in some environment. Usually, plants grow in 
a constantly changing environment, so that genetic variation must be 
interpreted as an interaction of genes with a series of environments. 
This concept of serial environments is especially important when 
considering trees, since their long life and change in size expose them 
to many different environments. 
In order for a tree to exist for any length of time, it must survive 
periods of stress. During less stressful periods, the tree responds by 
growing and/or reproducing. Physiologists concerned primarily with 
growth have asked, "What is the biological limit to biomass production?" 
(Gordon et al., 1982). Having decided that trees seldom, if ever, 
approach this biological limit, the next question is, "Why not?" The 
answer surely has something to do with survival mechanisms (Surdon, 
1982). A tree may encounter severe stress only occasionally, but the 
necessary survival mechanisms must be intact all the time, or at least 
for some period of time before the stressful conditions. These survival 
mechanisms very likely constrain growth during periods of low stress. 
However, having the survival mechanisms intact is of primary importance, 
because failure to survive one period of stress has a more decisive 
outcome than failure to grow rapidly. Thus, physiological differences in 
growth rate must be built on a foundation of necessary survival 
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mechanisms. Any discussion of "productivity" or "efficiency" must 
recognize this primary importance of "survivability" (Burden, 1982). 
In all experiments of this study (and apparently, in general), rapid 
growth was preceded by an establishment period during which growth was 
slow. Preceding or during the establishment period was a period of high 
mortality — a survival period. For most clones, fewer than 30% of the 
cuttings became established and suitable for use in growth studies. The 
length of time from making cuttings to the beginning of rapid growth was 
several months long and quite variable in length - both within and among 
clones. Thus, the major confounding factor in interpretation of growth 
differences was variation in rooting and establishment. In other words, 
survival physiology may have influenced growth as much as inherent growth 
capacity. 
General Growth Patterns 
Growth is a key component of this study and a physiologically 
ill-defined concept. Leaf area growth, height growth, diameter growth, 
and dry weight growth have been presented, but are probably 
physiologically different phenomena. Photosynthesis is primarily 
responsible for increasing a plant's dry weight. For this reason, 
photosynthesis has sometimes been considered equivalent to growth. 
Since, however, a substantial portion of photosynthate is lost through 
respiration, it is more correct to define growth as the difference 
between photosynthesis and respiration. But even this definition is 
inadequate. According to this definition, seed germination and 
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springtime bud burst of trees are negative growth because respiration 
exceeds photosynthesis. 
Hence, it is better to redefine growth as the conversion of 
photosynthate into structural components of the plant. This conversion 
requires energy, and therefore, generally results in the loss of COg 
from the plant (McDermitt and Loomis, 1981). According to this 
definition, then, growth is a process which reduces the dry weight of the 
plant, thereby linking growth with respiration and separating it from 
photosynthesis (although not all respiration is associated with growth). 
This concept has important ramifications in understanding growth and 
allocation of photosynthate. First of all, there is a fundamental 
distinction between reserve and structural dry weight. Reserves are 
uncommitted storage compounds, usually starch, which can be mobilized, 
converted into structural components, or used as an energy source. 
Structural components are specialized compounds committed to some 
function and generally are not reclaimed for other uses. (There are 
structural components which are recoverable, e.g. proteins, nucleic 
acids, chlorophyll, etc. These compounds have a characteristic turnover 
rate and require "maintenance" respiration. They are distinct from 
"dead" (apoplastic) structural components and they are distinct from 
reserve compounds. For the purposes of this discussion, though, 
recoverable and irrecoverable structural components are lumped together.) 
The distinction between reserve and structural dry weight is important 
when considering allocation of photosynthate. For example, 20% of leaf 
dry weight may be starch. This starch will likely end up somewhere else. 
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so it is inappropriate to consider this 10% as investment in leaves. 
Likewise, the starch content of roots cannot appropriately be considered 
an investment in roots. That starch may well end up in leaves or 
elsewhere. Hence, allocation of dry weight (or its modern counterpart, 
has an ambiguous meaning if the distinction is not made between 
reserve and structural dry weight. Growth models of trees would be 
greatly improved if they accounted for carbohydrate reserves. 
Starch reserves varied considerably during experiments, among 
clones, from experiment to experiment, and even from day to day. Starch 
levels were relatively high in dormant trees (Experiment II), and in 
temporarily N-deficient trees (Experiment I). During periods of rapid 
growth and N-fixation, starch levels declined. When trees had large leaf 
areas, starch accumulated, e.g. at the ends of both experiments. These 
observations are consistent with expected patterns in woody plants 
(Kozlowski and Keller, 1966). 
The trees at the end of Experiment I had about twice the percent 
starch of those at the end of Experiment II, commensurate with the daily 
total solar radiation they were receiving. It is curious that at the end 
of Experiment I in May shoot growth rate was slowing down while starch 
reserves were accumulating. Under these photoperiod and temperature 
conditions, it might be expected that photosynthate would be utilized for 
N-fixation and growth rather than being stored. The cause of the 
reduction in growth rate is not apparent, but it was most likely due to 
an environmental factor, because tree size had little effect on the 
slowing in growth rate. Regardless of the cause, it is obvious that 
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growth was not limited by the photosynthate supply. 
The day to day fluctuations of starch levels in leaves and roots 
(Figs. 15 and 16} were somewhat surprising. The root's one day lag 
behind leaf levels seems physiologically reasonable, but is inconsistent 
with reported explanations of diurnal fluctuations in N-fixation (Dawson, 
1978; Wheeler, 1969; Wheeler, 1971). According to these reports, the 
midday peak in N-fixation is presumed to depend on the arrival of 
photosynthate from actively photosynthesizing leaves, i.e., carbohydrates 
need to have arrived within an hour or two of being formed in the leaves. 
If N-fixation were stimulated by the influx of photosynthate from leaves, 
it would seemingly be expected that diurnal fluctuations in nodule 
carbohydrate content should parallel N-fixation. As mentioned 
previously, though, the midday peak in N-fixation coincided with a daily 
minimum carbohydrate supply in the nodules (Wheeler, 1971). In spite of 
Wheeler's interpretation, the role of carbohydrate supply in regulating 
N-fixation needs to be questioned. 
Compared with percent starch, percent N showed little variation. In 
other words, N-fixation corresponded tightly with growth, especially leaf 
growth. This is consistent with the report of Huss-Danell (1980) who 
likewise found little clonal variation in percent N. One explanation for 
the precise control of N concentration is that increasing levels of N in 
the plant stimulate vegetative growth which effectively dilutes the N to 
a stable level. This appeared to happen in Experiment I. The alternate 
explanation is that vegetative growth consumes N, and consequently, 
stimulates N-fixation. This seemed to have happened in Experiment II. 
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Dawson and Funk (1981) reported that early springtime levels of N in 
alder leaves were low, consistent with the second interpretation. This 
may be a dormancy related phenomenon, though, rather than a general N 
level regulating mechanism. Regardless of the mechanism, it appears that 
N-fixation is more related to growth than, as has been reported, to the 
supply of photosynthate (Gordon and Wheeler, 1978; Dawson and Gordon, 
1979). This is consistent with reported seasonal patterns on N-fixation 
in alder trees where the period of maximum fixation coincided with the 
period of maximum shoot growth (Tripp et al., 1979; Wheeler et al., 
1981). The correlation with growth is good enough that on N-deficient 
sites, shoot growth might be used as an indirect estimator of N-fixation. 
Considering observations and results (Figs. 3 through 13, Table 9), 
the following scenario of alder tree growth during Experiment I can be 
deduced. During the nodulation period, the only fixed N available to the 
trees was that present in the plants at the beginning of the experiment. 
Leaf growth was limited by the short supply of N. What little leaf 
growth did occur diluted N concentrations. N was mobilized from the 
leaves, especially lower leaves, to support root and nodule growth. Leaf 
N concentrations at the first harvest, 30 days after inoculation, 
averaged 1.8%. This probably represents a minimum concentration 
obtainable, since many leaves were beginning to abscise and this 
concentration is considerably lower than the 2.5% reported for alder 
leaves in the field in late autumn (Dawson and Funk, 1981). Relatively 
high levels of starch had accumulated in all plant parts, indicating that 
photosynthesis had exceeded growth. Obviously, at this point, growth was 
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limited by the N supply, not the carbohydrate supply. 
It is interesting that the time required for establishment of 
effective N-fixation was the same for these established trees as is 
commonly found for very small seedlings (Mian and Bond, 1978). This 
suggests that the rate of nodulation is limited by the inherent growth 
rate of Frankia rather than by the host plant's ability to provide 
substrate. 
After effective symbiosis was established in the presence of ample 
carbohydrates, there was a burst of N-fixation. Concomitant with or 
slightly lagging behind N-fixation, was a burst in growth, especially 
leaf growth. N-fixation and/or growth depleted the carbohydrate supply, 
but the increasing photosynthetic capacity of the growing leaves was able 
to support an approximately exponential increase in leaf area. Stem and 
root growth also increased during this period, but relatively less than 
leaf growth. By the second harvest, 34 days after the first harvest, 
leaf N concentrations had nearly doubled to 3.5%, which is slightly 
higher than that reported for alder leaves in the field (Dawson and Funk, 
1981). At about this time, the relative growth of leaf area had reached 
its maximum, and subsequently, leaf growth proceeded approximately 
linearly. Starch levels during this period of maximum relative shoot 
growth and N-fixation were somewhat depressed. 
The relative growth rate of stems reached its maximum shortly after 
that of leaves and then slowed somewhat before the end of the experiment. 
Sometime between the second and third harvests, relative growth rate of 
roots reached its maximum. It is tempting to guess that maximum root 
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growth rate coincided with the decline in leaf and stem growth rates near 
the end of the experiment. The timing of harvests verifies that maximum 
root growth did follow maximum leaf growth, but it is impossible to 
verify whether maximum root growth coincided with or followed maximum 
stem growth. N-fixation between the second and third harvests was quite 
active, but proceeded relatively slower than growth, lowering percent N 
to a moderate level. Despite rapid growth and N-fixation, there was a 
substantial net accumulation of starch during this period. 
The relative allocation of dry weight to the various plant parts 
changed over the course of the experiment (Fig. 13, Table 9). The 
changes could be interpreted as a response to the environment, i.e., the 
initial low N environment caused a shift from shoot growth to root and 
nodule growth, and then a surge in N-fixation. Following the apparent 
overcompensation in N-fixation was a series of homeostatic adjustments, 
each of which was an overcompensation for the previous unbalanced 
condition. The sequence of root and nodule growth, N-fixation, leaf 
growth, stem growth, and then root growth is a logical progression in 
this view. An alternative interpretation is that the above-mentioned 
sequence is a normal sequence of episodic growth which did not require 
triggering by a low N environment. Regardless of explanation, the fact 
that dry weight allocations changed over the course of the experiment 
makes it difficult to compare allocations among clones. 
A step toward simplifying these developmental changes in allocation 
may be looking at allometric relationships (Fig. 12). The concept of 
allometric growth has a physiological basis (Wareing, 1970) and has the 
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effect of straightening out otherwise curvilinear relationships between 
the relative sizes of plant parts. There is a reasonably good fit to a 
straight line in the last half of Experiment I (Fig. 12). It is possible 
that the fit might be even better if actual dry weight data were used 
instead of estimates. It is apparent from Experiment i that leaf and 
stem growth were not allometric during the first half of the experiment 
(Fig. 12). It cannot be determined whether this pre-allometric 
adjustment period was normal or peculiar to this experiment. Where 
allometric growth does occur, the slopes of the lines may provide useful 
insight into the growth of plants and provide a meaningful method to 
compare allocation among genotypes. It might be especially interesting 
to examine shoot and root growth from an allometric point of view. 
Woody plants, however, pose some special problems in using 
allometric analyses. Since the allometric coefficient is the ratio of 
relative growth rates, allometric growth depends on initial sizes. 
Initial size of leaves, stems, and roots becomes an awkward concept when 
more than one growing season is considered. Stems are rather permanent, 
perennial structures; leaves are deciduous with a definite seasonal 
duration; and roots are partly permanent, partly ephemeral, with a less 
definite seasonal pattern. A possible solution might be to consider only 
the current season's growth increment in allometric analyses. However, 
this complicates the otherwise simple harvest, dry, and weigh approach to 
allometry. 
The growth scenario for Experiment II can be deduced from 
observations and results (Fig. 14, Tables 10 and 11). After rooting, 
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nodulation, and establishment, the Experiment II trees began a phase of 
rapid growth comparable to the post-nodulation growth in Experiment I. 
Then the trees were subjected to dormancy-inducing conditions (beginning 
in February through April) where growth immediately ceased. The later 
the trees were moved to dormancy-inducing conditions, the higher was 
their starch content and the lower was their N content. During the 
period from February through April, daylength was increasing. The 
increased photosynthetic potential at later DDATEs may explain the 
increase in starch content. The lower N content of later DDATE trees may 
be explained by their having less time to withdraw N from their leaves. 
In support of this hypothesis are the observations that dormant stems and 
roots had relatively high N contents, and many of the leaves on later 
DDATE trees had not yet abscised by the beginning of the experiment. 
In contrast to Experiment I, initial growth exceeded N-fixation such 
that percent N declined between the 1st and 2nd harvests. This suggests 
that buds came out of dormancy before nodules did. Also during this 
period, N was withdrawn from roots and stems apparently supporting leaf 
growth. It was interesting that in some of the later DDATE trees, leaf 
percent N was very high at the second harvest. Perhaps in these trees, 
the nodules had never become completely dormant as the buds had. 
During the second half of Experiment II, leaves grew relatively more 
than other organs. Roots grew relatively less than leaves, but more than 
stems. It is plausible that the greater root growth of Experiment II 
compared with Experiment I was a response to increased water stress, 
being outdoors during the summer. The relatively slow stem growth may 
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have been the result of lower overall starch percent (compared with 
Experiment I), or simply that the trees had not yet reached a 
stem-thickening phase. 
The role of carbohydrate supply in limiting growth and N-fixation 
deserves comment at this point. Much of our knowledge about symbiotic 
N-fixation is derived from studies with large-seeded, domesticated, 
annual legumes, such as peas, beans, or soybeans. These plants are 
relatively small, short-lived, and require relatively large amounts of 
nitrogen to complete their life cycle. Plausible evidence has been 
provided that N-fixation in these plants is often limited by the 
carbohydrate supply. However, the presumption that this principle 
applies to woody perennials like alder trees is clearly unfounded. Alder 
trees have an altogether different carbohydrate economy than soybean 
plants. While annuals depend primarily on current photosynthate for 
growth, trees often grow at the expense of carbohydrate reserves. This 
requires, of course, that trees store carbohydrates prior to periods of 
rapid growth. One consequence of this strategy is that tree seedlings 
generally grow much slower than annual plants. Once established, though, 
this strategy permits trees to better exploit the growing season by 
making a rapid flush of springtime leaf growth followed by a period of 
carbohydrate storage. As already pointed out, N-fixation in alder trees 
generally coincides with growth. Maximum growth and N-fixation, then, 
often coincide with a depletion of carbohydrate reserves. Conversely, 
maximum carbohydrate reserves coincide with periods of minimum growth and 
N-fixation. So, the role of carbohydrate supply in limiting growth and 
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N-fixation in alder trees is clearly different than in annual legumes. 
Aider growth and N-fixation are, of course, ultimately limited by the 
available carbohydrate supply, but the subtle complexities of 
carbohydrate dynamics are better suited to alder tree survival than to 
simple interpretation. 
Clonal Variation 
The interpretation of clonal differences in growth characteristics 
requires a great deal of care. Because fast-growing clones become larger 
than slow-growing clones, it is easy to confuse growth rate 
characteristics with size-related characteristics. For example, the 
uncorrected rankings of shoot/root ratio offer some evidence of a 
positive correlation between growth rate and shoot/root ratio (Table 14). 
However, when the shoot/root ratios were corrected for size, the rank 
correlation decreased. The problem is that size and growth rate are 
nearly always correlated (by definition). Therefore, a statistical 
correction for size may, in fact, "correct" for growth rate. In other 
words, it is impossible to completely distinguish size-related 
characteristics from growth rate characteristics at a one-time 
measurement. The approach in this study, of course, was to monitor 
growth over a period of time and look for differences in growth patterns 
that might help explain differences in growth rate. At the same time, it 
was possible to observe developmental patterns as a basis for 
distinguishing clonal growth differences from developmental changes. For 
example, it was observed that the shoot/root ratio generally increased as 
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alder trees got larger. However, growth patterns were probably 
influenced by changing environments (e.g. daylength) during the course of 
experiments, such that differences in growth patterns between early 
starters and late starters may have been caused by different environments 
as well as different genotypes. Thus, the clonal differences observed in 
this study cannot be interpreted as purely clonal differences. 
Of all parameters examined in this study, final dry weight was most 
consistently related to ortet field performance. This is reassuring in 
that it supports the premise that the differences in ortet field 
performance were genetically based. However, it seemingly contradicts 
the premise that there is a poor correlation between early growth and 
later growth in alder (Funk, 1979; Verweij, 1977). The disparity may 
possibly be explained by the observation that rooted cuttings did not 
appear to grow like seedlings. Compared with seedlings, the cuttings 
grew more horizontally, were branchier, and possibly grew slower. Thus, 
it is possible that the cuttings did not exhibit "early" growth 
characteristics, but rather, exhibited the "later" growth of the ortets 
from which they were derived. 
This brings up the phenomenon of juvenility, and the possibility 
that juvenile trees (i.e. seedlings) might grow faster than cuttings 
derived from mature crowns. Carrying this reasoning a step further, it 
might be expected that cuttings from basal stump sprouts would grow 
faster than cuttings from mature crowns. Interestingly, the two clones 
derived from stump sprouts, 37 and 42, were consistently among the best 
growers. 
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Also related to juvenility is flowering and fruiting, and its 
apparent negative correlation with growth. During the short-term growth 
experiments of this study, flowering did not occur. However, some 
flowering did occur in the field experiment. In the introduction, a 
hypothesis was proposed that flowering might be mediated through some 
carbohydrate/nitrogen (C/N) relationship. Since percent N showed such 
little variation, the C/N relationship was primarily dependent on percent 
starch. Thus, the question of flowering being mediated by C/N ratio 
becomes one of flowering being mediated by percent starch. It is 
noteworthy that all 4 clones which began flowering in the field 
experiment were clones. It is also noteworthy that within 
clones, these 4 clones usually had high starch contents and rapid growth 
rates. Thus, the limited flowering data seem to indicate that rapid 
growth combined with heavy/precocious flowering results in trees, 
e.g. clones 34, 39, 45, and 46. This is consistent with common 
observations of alder trees. However, the data also seem to show that 
rapid growth and/or starch accumulation do not necessarily coincide with 
heavy flowering, and this results in "+" trees, e.g. clones 14, 37, and 
42. High starch levels appear necessary for flower induction, as 
expected (Kozlowski and Keller, 1966). But high starch levels apparently 
do not necessarily result in flower induction. This may be an important 
difference between "+" and trees. 
The poor short-term growth performance of "+" clones like 15, 20, 
44, and IND appeared to result primarily from poor rooting and 
establishment of these clones. However, subsequent growth was also 
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comparatively slow. It is possible that these mediocre-growth-rate 
clones became "+" trees by growing faster as they got larger or by 
maintaining moderate growth rates in the absence of flowering. 
It was hoped that the nondestructive growth analysis (Experiment I) 
would yield some useful information about clonal variation in 
productivity and/or allocation of dry weight. There was substantial 
clonal variation detected in relative growth rate of leaf area, unit leaf 
rate, and allometric coefficients (Table 8), but these parameters were 
not related to ortet field performance. The values of these parameters 
were transient and variable within clones. Apparently, growth was 
episodic; i.e., allocation patterns changed with time. Also, production 
and growth were not in a steady state, i.e. starch accumulated and was 
depleted over time. Thus, it appears that clonal variation exists with 
respect to productivity and allocation, but it is difficult to evaluate 
such differences during short-term experiments. These observations are 
consistent with growth patterns in other woody plants (Ledig et al., 
1976; Drew, 1982). Because of episodic growth and nonsteady-state 
growth, classical growth analysis techniques appear to have limited 
usefulness in assessing clonal growth differences. 
Based on the findings of this study, a logical next step would be to 
study "normal" seasonal variation in carbohydrate reserves of established 
trees. Of particular interest would be clonal variation and relationships 
with flower induction and growth. These studies will require the use of 
large (ca. 2 to 4 year old) trees, and consequently, require the 
development of reliable sampling techniques for carbohydrate reserves. 
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SUMMARY AND CONCLUSIONS 
There was a reasonably good correlation between long-term growth 
performance of the ortet in the field and short-term growth performance 
of clones in this study. This supports the validity of making 
selections for growth rate in old plantations. It is possible, and 
supported by circumstantial evidence, that the growth behavior of the 
ramets was more like the "adult" ortets than like "juvenile" seedlings. 
There was little variation in percent N. In other words, nearly all 
variation in N-fixation was accounted for by variation in growth, such 
that growth rate could be used as an indirect indicator or selection 
criterion for N-fixation rate. 
Starch contents varied widely during experiments, between experiments, 
among clones, and even from day to day. There was little correlation 
between starch content and growth rate, suggesting that rates of growth 
and N-fixation did not necessarily coincide with rates of 
photosynthesis. 
Relative allocation of dry weight to various plant parts changed during 
the course of experiments and between experiments. Clonal variation in 
assimilate allocation was evidently not related to variation in growth 
performance. Because alder tree growth was episodic and responsive to 
environment, assimilate allocation does not appear to be a reliable or 
easily measured clonal characteristic. 
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5. Within clones, statistically corrected to the same size, there was a 
negative partial correlation (r = -.42, df = 68) between relative 
growth rate of leaf area and percent starch in roots. This indicates 
that there was within-clone variation in assimilate allocation, which 
helps explain the nonuniformity of growth within clones. 
6. Stem diameter was better correlated than plant height with dry weight, 
leaf area, total N, and ortet field performance. This suggests that 
stem diameter may be a more useful nondestructive measure than height. 
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APPENDIX A: GAS EXCHANGE STUDIES 
Introduction 
Gas exchange is an important part of the overall carbon economy of a 
plant. COg is added to the dry weight via photosynthesis and lost via 
respiration. The measurement of gas exchange is conceptually simple and 
non-destructive. However, the details of such measurement are not so 
simp le. 
Carbon which is reduced during photosynthesis is added to the 
plant's dry weight. That carbon remains a part of the dry weight until 
such time that it is re-oxidized (respired) and lost as CO^ (neglecting 
the small error due to loss of other carbon compounds due to exudation, 
leaching, or volatilization). Thus, the sum of evolved (respiratory) 
COg and dry weight (corrected to its CO2-equivalent weight) should 
equal the input from photosynthesis. Hence, if respiration is measured 
and dry weight is measured or estimated, photosynthesis can be 
calculated. There is no need to measure it separately. This reasoning 
led to the decision, early in the project, not to attempt direct 
measurement of photosynthetic rates. 
Respiration measurement is technically simpler than photosynthesis 
measurement. After enclosing a whole plant or plant part in a gas-tight 
chamber, evolution of CO^ can be measured with an infrared gas analyzer 
or gas chromatograph. The gas chromatograph offers the ability to 
simultaneously measure CO^ and ethylene (C^H^), thereby making 
possible the simultaneous measurement of respiration and nitrogenase 
97 
activity via the acetylene reduction assay (Hardy et al., 1973). 
Therefore, gas chromatography was chosen as the best method to monitor 
gas exchange. 
A wide variety of apparatus has been used for respiration and 
acetylene reduction measurements. The chambers have ranged in complexity 
from 10 ml plastic syringes containing detached nodules (Tjepkema and 
Winship, 1980) to elaborate chambers for long-term measurements on 
growing plants (Minchin et al., 1977). Every laboratory seems to have 
its own unique measuring system. Chambers have been constructed of many 
materials including plastic, glass, and brass. Root respiration and 
acetylene reduction have been measured on detached or intact root 
systems, in potting medium or free from medium, with gases mixed by pumps 
or mixed only by diffusion, for short time periods or long time periods, 
and in open or closed systems. Each system has its advantages and 
disadvantages, advantages being pointed out by workers using the 
apparatus, disadvantages being pointed out by other workers. 
Methods and Discussion of Techniques 
Gas chromatograph (GC) 
The GC used for this work was a Carle Analytical Gas Chromatograph 
Model 211M, specifically designed for low level analysis of low molecular 
weight hydrocarbons plus carbon dioxide (CO^) and carbon monoxide. For 
gas separation it utilized a 1/8 inch X 8 ft column of 80% Poropak N, 20% 
Poropak Q, 50/80 mesh. It was equipped with a "methanizer" catalytic 
converter between the column and flame ionization detector. The 
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methanizer converted CO^ to methane (CH^), and therefore, permitted 
its detection. For precise sample injection, it had a 30 pi sampling 
valve. The GC output was interpreted by a Spectra Physics Minigrator 
integrator which printed out peak areas in arbitrary units. Peak areas 
were converted to gas concentrations by the use of standards (Scientific 
Gas Products, Inc. Mini-Mix calibrating gas). 
To test the system's reproducibility, samples of calibrating gas 
were repeatedly injected. It was found that the coefficients of 
variation (CVs) ranged from 0.05% to 1.3%. The most important 
contributor to variation in reproducibility was unexplained day to day 
variation in instrument performance. At high gas concentrations, the CVs 
tended to be lower, but the corresponding standard deviations were 
higher. All gases of interest (CH^, CgH^, and COg), at the same 
concentration on the same day, displayed comparable CVs. 
The range of linear response to gas concentration was tested in the 
following way. Several glass beads were placed in a 1-liter glass bottle 
capped with a rubber septum. Duplicate samples of the enclosed 
laboratory air were taken with a disposable plastic syringe and injected 
into the GC. With a precision gas syringe, 1.00 ml aliquots of the gas 
being tested (e.g. COg, CH^, or C2H^) were injected into the 
bottle. Between aliquots, the gas was mixed by shaking the bottle, then 
a sample was withdrawn and run on the GC. To compensate for sample 
removal, laboratory air was injected such that the total volume removed 
equalled the total volume injected. The amount of test gas present in 
the bottle at each sampling time was calculated so as to account for all 
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previous additions and withdrawls, including the laboratory air. 
As seen in Fig. 17, the response to CH^ was linear up to about 
3000 pl/1, and the response to was linear up to and beyond 2000 
pl/1. Both these levels are well beyond those that would be expected in 
this study. The response to CO^ concentration was linear up to about 
6000 pl/l. It is quite reasonable to expect to find rhizosphere CO^ 
levels that exceed this concentration. Therefore, this was considered a 
limitation, albeit a minor one, that respiration could not be accurately 
measured at CO^ levels above 6000 pl/1. 
The response of the GC could be varied by changing the fuel gas 
(Hg) pressure. Optimum performance (highest response/lowest noise) was 
found at an pressure of 40-45 psi (nitrogen carrier at 60 psi, air 
at 15 psi). The response (sensitivity) dropped considerably on either 
side of this optimum. But, as sensitivity went down there was an 
apparent increase in the range of linear response. However, the 
accompanying increase in noise made this an unattractive method to 
increase the linear range of response. 
Assay chambers 
Chambers were fabricated (Fig. 18) to separately enclose intact root 
systems and shoot systems. The upper chamber consisted of an acrylic 
top, a length of 6-inch PVC drain pipe, and an acrylic bottom, which is 
better described as a divider between upper and lower chambers. The 
chamber was designed for dark respiration measurements only. The acrylic 
top had a routed circular groove which fit snugly over the end of the 
plastic pipe. It was equipped with a sampling port (septum), and a 
Fig. 17. Extent of linear response to gas concentration, Carle 
Analytical Gas Chromatograph, Model 211M. The CO2 
determination was done twice. Test gases were added to 
a 1 liter container so that the numbers on the abscissa 
are approximately equivalent to 1000 X ul/1 
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Septa for gas 
sampling 
Grooves to accept 
PVC pipe (top) 
and plastic pot 
(bottom) 
Gas flow to/from 
top of pot 
6 in PVC pipe 
(variable lengths) 
8 in std plastic pot 
Aluminum pan 
Silicone rubber 
seal 
Gas flow to/from 
bottom of pot 
Fig. 18. Sketch of chamber for separate gas exchange measurements of 
below ground and above ground plant parts. All plastic/plastic 
joints were sealed with silicone high vacuum grease 
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small, battery-operated fan to mix gases in the chamber. The divider was 
constructed of two halves, each with a notch in their adjoining edges, 
so that when the halves were assembled the notches would accommodate the 
atem of a plant. The halves were held together with brass screws and 
wing nuts. When the divider was assembled, it had a routed groove on top 
to accept the PVC pipe and a routed groove in the bottom to fit snugly 
over the top of an 8 inch standard plastic pot. All plastic/plastic 
joints were sealed with high vacuum silicone grease. Modeling clay, 
pressed around the stem, completed the gas-tight seal between the upper 
and lower chambers. The divider was connected, with machine screws and 
wing nuts, to another piece of acrylic with a hole sized to fit under the 
lip of the pot. This arrangement allowed the divider to be securely 
clamped to the top of pot. Â brass tubing fitting through the divider 
provided a path for pumping gas in or out of the top of the pot. A 
branch of the fitting was equipped with a septum for gas sampling. The 
bottom of the pot was closed off by setting the tapered pot into a 
aluminum pan which had a silicone rubber gasket around the rim. The 
bottom of the pan had a brass tubing fitting to provide for pumping gas 
in or out of the bottom of the pot. 
Root respiration 
The original plan was to connect the top and bottom tubes through a 
pump so that gas could be circulated continuously through the pot in a 
closed system. However, the rubber diaphragm pumps which were available 
permitted COg to leak out, and hence, were not usable. 
In lieu of pumps, a "hydraulic piston" scheme was employed. Water 
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was slowly pumped into the bottom of the pot, such that the pot was 
filled in about 1 min. This forced the air out of the potting medium 
(sand:oil-dry, 1:1) through the top tube. When the chamber was filled 
with water, it was turned off and the top tube was connected to a plastic 
bag containing the desired assay gas, usually 15% acetylene (CgHg) in 
air. The C2H2 used (Matheson, purified 99.6%) contained about 2000 
pl/1 CH^ which was used as an internal standard. After connecting the 
top tube to the assay gas, the water was permitted to drain out the 
bottom tube. As the water drained out, the assay gas was drawn into the 
pot. Measuring the volume of this drained water gave an indication of 
the void volume of the chamber. However, the void volume measured as 
water drained from the chamber was about 77 — 2% of the void volume 
measured by dilution of methane in the chamber. In other words, the 
water displacement left about 23% of the air trapped as bubbles. So, 
before incubation, the freshly drawn in assay gas was allowed to 
equilibrate with the trapped bubbles for about 5 min. Then water was 
again pumped into the bottom, flushing out 77% of the equilibrated gas 
into a 2 1 laminated gas sampling bag (Pollution Measurement Corp.). The 
gas was mixed by kneading the bag and then was drawn back into the pot. 
At the same time, a sample was taken with a disposable plastic syringe 
for 6C analysis. After an incubation period of 2 hr, the gas was again 
flushed into the gas sampling bag and the final sample was taken. The 
increases in CO^ and concentration during this time were 
multiplied by the void volume to obtain measurements of respiration and 
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CgHg-reduction, respectively. 
Several problems were encountered in this attempt to measure root 
gas exchange. Because of these problems no root respiration data are 
presented or discussed. The most serious problem was the inconsistent 
consumption or release of COg from pots full of medium, but containing 
no plants. The magnitude of this CO^ concentration change was, in a 
few cases, greater than that in pots containing trees. Evidence 
suggested that this change was not due to any mass leakage of gas from 
the chamber. For example, the internal standard, CH^, did not change 
concentration. Secondly, previous tests had shown negligible leakage of 
any gas from an empty chamber containing only air enriched with COg, 
CgH^, and CH^. Thus, the observed COg changes must have been due to 
the presence of potting medium (sand:oil-dry, 1:1), water, or 
microorganisms. 
The sand in the potting medium was river sand obtained locally. It 
contained carbonate minerals which could release CO^ in an acidic 
environment. CO^ is only slightly soluble in water. However, at pH 
levels above 6, the apparent solubility increases dramatically with the 
formation of bicarbonate. So, at low pH carbonate minerals evolve COg, 
and at high pH water absorbs COg. The interaction of COg and oil-dry 
was not clear, but it was found that a pot full of fresh oil-dry wetted 
with water did not maintain a constant CO^ concentration. 
Microbial respiration also needs to be considered as a source of 
COg. The potting medium used here contained negligible organic matter 
to provide substrate for microbial respiration. However, algae, lichens. 
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or mosses could conceivably grow in parts of the medium exposed to light, 
providing their own respiratory substrate. To circumvent this problem, 
the pots were covered with aluminum pie pans and buried in gravel to 
exclude light. 
Assuming the respiration in a pot is all derived ultimately from 
COg fixed by the plant, there is still a problem of dead roots, 
sloughed off epidermis and cortex, and root exudates providing substrate 
for microorganisms. This respiration can be considered part of the 
plant's carbon budget, but it is functionally distinct from the 
respiration taking place in living root cells. Also deserving special 
consideration in this case is the respiration of symbiotic and parasitic 
organisms. Complicating the issue further is the fact that some plant 
roots and nodules have PEP-carboxylase activity which permits the uptake 
of COg, presumably to provide carbon skeletons for amino acid synthesis 
(Christeller et al., 1977; Wheeler, 1978). This is of consequence when 
the organic compounds translocated to the shoot (e.g. amino acids) are 
more oxidized than those received (e.g. sugars). In this way some of the 
usual evidence for root respiration (oxidized carbon) is "exported" to 
the shoot. Likewise, anaerobic respiration may not be detected as CO^ 
evolution. Relevant to this issue is the report by Dixon et al. (1981) 
that the respiratory quotients (COg evolved/02 consumed) of nodulated 
pea and soybeans were about .73 and .82, respectively. Clearly, the 
concept of "root respiration" is as evasive as the techniques required to 
measure it. 
Returning now to the technical problems, the valves in the gas 
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sampling bags were not gas tight. However, the low pressures and slow 
rates of gas flow through the valves made this problem unnoticeable. The 
plastic syringes used to hold the gas samples for up to an hour before 
injection into the GC, showed measurable losses of CO ,^ For example, 
at 1800 pl/1 CO^ concentration, about 5% was lost after storage for 1 
hr (Fig. 19). Other gases were lost more slowly. Also, there was 
release of gases into the syringe when the syringe had recently contained 
higher concentrations. To overcome this problem, the plungers and 
barrels of the syringes were separated and allowed to equilibrate with 
air for at least 24 hr before reuse. Â better solution would be to use 
glass syringes. 
Shoot respiration 
The measurement of shoot respiration in the upper chamber posed 
fewer problems. There were no detectable changes in gas concentrations 
of empty chambers and no loss of the internal standard in chambers 
containing plants. Thus, it appeared that the increase in COg 
concentration gave a reasonable measure of respiration. 
To test the system, shoot respiration was measured on 3 trees each 
of 4 clones. The trees had been growing outside in pots since they were 
transplanted from the mist bed at the end of June. The measurements were 
performed in the greenhouse on one of each clone (4 trees) shortly after 
dusk on 3 consecutive evenings (September 2, 3, & 4, 1980). At the 
beginning of incubation, 1000 pi methane was injected into the chamber to 
be used as an internal standard. The air was mixed, and the initial 
sample was taken. After 1 hr the air was mixed again, and the final 
108 
sample was taken. The samples were run on the GC which yielded 
concentration data. Concentrations were converted to volumes using the 
following formula. 
fxl COg 
final [COg] initial [COg] 
final [CH^] initial [CH^] 
where [ ] denotes concentration 
X 1000 pi CH^ injected 
This volume was then converted to mg CO^ using the ideal gas law 
as follows. 
V(pl COg) X P(atm) x 44.01 mg/mmol 
mg CO^ = 
82.1 jal-atm/mmol-K x T(K) 
where V(pl COg) = volume of CO2 in pi 
P(atm) = barometric pressure in atm 
T(K) = temperature in °K. 
From regression analyses of these data, it was found that shoot 
respiration rate was strongly related to plant size, the best 
relationship being between respiration and leaf dry weight. Incubation 
temperature also had a highly significant effect on respiration rates. 
After accounting for variation due to plant size and temperature, the 
variation due to clone was of borderline significance (p < .06). (Table 
21 summarizes these findings.) 
This small experiment was not intended to provide useful information 
about clonal variation in respiration rates. It is sufficient, though, 
to demonstrate the expected effects of temperature and plant size. These 
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Table 21. Demonstration of shoot respiration measurement 
COg /mg leaf dry wt/hr (mg leaf dry wt) 
Clone 
Rep Temp°C 41 42 3--13 5-50 Mean 
1 24.3 2.05 (884) 1 .56 (320) 1 .84 (603) 1.34 (1159) 1 .70 (742) 
2 28.5 2.13 (1600) 3 .08 (344) 3 .11 (809) 1.98 (560) 2 .58 (828) 
3 23.0 1.98 (366) 3 .58 (85) 2 .63 (230) 1.43 (712) 2 .41 (348) 
Mean 2.05 (950) 2 .74 (250) 2 .53 (547) 1.58 (810) 2 .23 (639) 
effects need to be accounted for before meaningful comparisons can be 
made among clones. Furthermore, it is likely that the relationship 
between plant size and respiration is not purely linear (Robson, 1982; 
Silsbury, 1979). Generally, smaller plants have higher respiration per 
unit dry weight, owing to their relatively higher proportion of living 
and growing tissue. The values in Table 21 offer some support for this 
idea. Likewise, the relationship between respiration and temperature 
might not be purely linear, and/or there might be different responses 
among clones (clone x temperature interactions). Characterization of 
these subtle relationships requires a large number of observations and 
careful control of temperature during incubation. With the system used 
here, it took about 13 min to enclose each plant in a chamber (top and 
bottom), This time requirement placed a practical limit on the number of 
plants which could be measured at once. An even more serious problem was 
the lack of good temperature control facilities for incubations. 
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Conclusions 
Detection and interpretation of clonal variation in respiration 
rates require careful consideration of covariates, sufficient 
replication, and precise control of environmental conditions (eg. 
temperature) during measurement. In order to accomplish this, many 
problems (Table 22) would have to be resolved. Alleviation of these 
problems would require considerable time and money. Even if the problems 
were solved, there would still be a constraining limit on the number of 
respiration measurements that could be made at one time and an even more 
constraining limit on the number of clones that could be characterized. 
Considering the objectives of this study it seemed that the great 
expenditure of effort required to obtain respiration data might be better 
spent on simpler measurements of more individuals. Also, from a plant 
breeding standpoint, complicated measurements are not nearly as useful as 
simple measurements. So, it was decided to forgo further attempts to 
measure respiration in favor of a simpler but more extensive growth 
analysis approach. 
Table 22. Summary of unresolved technical problems related to gas 
exchange measurements ranked in approximate order of 
decreasing importance 
1. Too much time required per plant 
2. No temperature control of incubation environment 
3. Most rooting environments have multiple sources/sinks for CO^ 
4. Inadequate rhizosphere gas sampling method 
a) Rubber diaphragm pumps leak CO^ 
b) Valves of gas sampling bags leak 
c) "Hydraulic piston" purges only 77% of root chamber air 
3. 15% acetylene in air poses explosion hazard 
6. "Purified" acetylene contains about 2000 pl/l CH^, 20 pl/l 
7. GC response not linear beyond CO^ concentration of 6000 fil/1 
8. Plastic syringes leak CO^ 
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APPENDIX B; PREPARATION OF CRUSHED NODULE FRANKlA INOCULUM 
(after Maynard, 1980) 
1. Collect nodules from vigorously growing plant. Wash in water to float 
off small root pieces. Drain, blot dry, weigh. 
2. Place weighed nodules in a square glass bottle with a convenient 
volume of 10% PVP solution (100 g/1 soluble polyvinylpyrollidone). 
Add an equal volume of crushed ice. For example, it is reasonable to 
use 5-20 g fresh nodules, lOO ml PVP solution, 100 ml crushed ice. 
3. Grind with Polytron for a minute or two to obtain well-macerated 
slurry. 
4. Pour slurry through 40-mesh screen into plastic centrifuge tubes. 
Discard cell debris that collects on screen. (If a large number of 
intact nodules or nodule pieces are present, these may be ground 
again.) 
5. Centrifuge in refrigerated centrifuge (ca. 2 C) at 15,000 x g for 30 
min. Carefully pour off and discard the clear, brown supernatant. 
Resuspend pellet in water. 
6. Repeat step #5. Store inoculum (suspended pellet) in refrigerator 
until use. Infectivity is maintained for several days. 
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APPENDIX C; NITROGEN DETERMINATION PROCEDURE 
(from Wall and Gehrke, 1975; Isaac and Johnson, 1976) 
Reagents 
Selenic-Sulfuric Acid 
Add 4.8 g/1 (12 g per bottle) selenium to concentrated sulfuric 
acid. Heat ("high" setting on hot plate), with stirring to the 
boiling point. This should be done in a large pyrex Erlenmeyer flask 
capped with a watch glass under a fume hood. Continue heating and 
stirring for several hours until solution is colorless. Allow 
solution to cool before use. It should remain colorless or turn 
clear, light yellow. A reddish brown precipitate means the solution 
needs to be heated longer. Handle acid and selenium carefully; use 
protective clothing. 
Salicylate-Nitroprusside Color Reagent 
Dissolve in water to make 1 liter: 
Note: The amount of NaOH needs to be adjusted so that the pH of 
the final assay mixture is in the range 13.0-13.2. 
Na~HypochIorite 
Hake a 5% (v/v) dilution of commercial bleach (e.g. Clorox) in 
water. Make fresh daily. 
EDTA 
NaOH 
ÎnrU^-/iloU cylic acid 
Na nitroprusside 
Na-K tartrate 
Na,HP0.-7H,0
40.0 g 
26.8 g 
27.6 g 
0.06 g 
4.0 g 
50 g 
Digestion Procedure 
Note: Protective clothing including eye protection and gloves 
should be worn while performing all steps involving acid and 
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1. Dry and grind plant tissue. Grinding is not necessary for digestion, 
but rather, is used to homogenize tissue before sampling. 
2. Weigh ca. 100 mg portions of dried tissue into labeled digestion 
tubes. (It is convenient to weigh samples onto 9 cm discs of Whatman 
#42 filter paper, fold or roll up the papers, and use them as 
vehicles to get the samples into the tubes. The papers digest along 
with the tissue and contribute no N.) Nitrogen standards should be 
prepared using glycine (5.36 mg glycine equals 1.00 mg N). 
3. Carefully add 15 ml selenic-sulfuric acid to each tube with a 
Repipet. 
4. Add 1 ml aliquots of 30% ^2^2 each digestion tube. The 
reaction is violent; do it under the hood. Keep anything important 
(such as yourself) out of the line of fire of the tubes. Sometimes 
they boil over; sometimes they spit; if they do, it°s best to do them 
again. 
5. When boiling has calmed down (after a minute or two), repeat step #4. 
6. Continue adding aliquots of HgO. until the digestate turns to 
a nice clear or faint yellow solution. This usually requires 6-10 ml 
H2O2 per tube depending on the tissue and amount of filter 
paper. 
7. Add a few Boileezers to each tube. 
8. Place the tubes on the heating block (preheated for at least 1 hr to 
the operating temperature of 380 . Let the tubes heat for 15 min 
with the special acid-scrubbing fume hood in place. 
9. After 15 min, add 1 ml HgO, to each tube. If the digestate 
is not perfectly clear, ada another ml or two until it is clear. 
. Add a few more Boileezers to each tube. 
. Let tubes cook for 1 hr. 
. Remove the tubes form the block and let them cool, still under the 
hood. 
. Dilute with to either 50 or 75 ml. Addition of H2O to 
concentrated sulfuric acid liberates quite a bit of heat — enough to 
boil the water. It is best to add most of the water with thorough 
mixing, and then let the solution cool before bringing up to final 
volume. 
. The diluted digestates may be stored for several weeks in plastic 
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bottles or capped test tubes. It is usually necessary to let the 
Boileezer powder settle for a few days before analyzing. 
Nonautomated Assay 
1. Add 50 ul samples to disposable spectrophotometer cuvettes with 
repeating micropipette. 
2. Add 1.5 ml salcylate-nitroprusside color reagent followed by 1.5 ml 
Na-hypochlorite to each cuvette. 
3. Mix cuvettes by inversion and allow to stand for 1 hr to allow blue 
color to develop. 
4. Read O.D. at 660 nm in spectrophotometer (Hitachi Model 100-40). 
Compare O.D. of samples with that of standards to obtain 
concentration. 
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APPENDIX D: STARCH DETERMINATION PROCEDURE 
Reagents 
3,5-Dinitrosalicylate Reagent (DNS) 
Dissolve, with heating, 10 g 3,5-dinitrosalicylic acid in 200 ml 2 N 
NaOH (16 g / 200 ml). Dissolve 300 g sodium potassium tartrate in ca. 
500 ml H_o, Combine the 2 solutions and bring up the volume to 1 
liter with H-o. For the routine procedure described below, this 
reagent may be used at 3/4 or 1/2 strength. Shelf life: several months. 
(Ref: Clark, 1964) 
Amyloglucosidase Enzyme 
1. Enzyme purification Suspend 15 g Amyloglucosidase crude powder 
(Sigma A-7255, from Rhizopus) in 150 ml 0.02 M Na-benzoate buffer (pH 
4.4) with 1 drop of Triton X-100. Centrifuge the suspension at 30,000 
X g (15,750 rpm) for 30 min. Purify the clear, brown, supernatant 
(kept in refrigerator) by passing 20 ml aliquots through a column of 
Sephadex G-50-150 (3.1 x 54 cm), eluting with 0.02 M Na-benzoate 
buffer (pH 4.4). It is convenient to collect 140-drop fractions, with 
most enzyme activity usually found in fractions 15-32. 
2. Enzyme activity assay Prepare a 1% w/v soluble starch solution in 
0.1 M Ca-Na-acetate buffer (1/2 Ca, 1/2 Na, pH 4.7). Add 0.5 ml 
aliquots of 0.02 M Na-benzoate buffer to each of 12 13x100 mm test 
tubes. To 10 of these tubes add 1 ul aliquots of purified enzyme 
solution. Allow the tubes and the prepared starch solution to reach 
thermal equilibrium in a 30 C water bath. Two of the tubes are enzyme 
blanks, 2 are starch blanks, and the remaining 8 are assay tubes. Add 
0.5 ml starch solution to each of the starch blanks; add 0.5 ml buffer 
to the enzyme blanks. At a convenient and known time, add 0.5 ml 
starch solution to each assay tube; mix at once. After 0, 5, 10, or 
15 min, stop the reaction in each tube by adding 1 ml full-strength 
DNS (2 tubes for each time). Prepare a set of glucose standards (0 to 
5 umol/tube) in acetate buffer, and add DNS as in assay tubes. 
Develop color by placing tubes in a hot water bath (70-100 C) for 5 
min, and read O.D. in a spectrophotometer at 540 nm. There should be 
a linear relationship between hydrolysis time and reducing power 
(measured as glucose). If so, calculate umol reducing power produced 
per tube per min (units of enzyme activity). Multiply by 1000 to get 
units/ml in the original purified enzyme prep (the usual range is 100 
to 200 units/ml). Add Ca-Na-acetate buffer (pH 4.7) and dilute to 
obtain a final enzyme activity of 50 units/ml in 0.02 M acetate 
buffer, 0.02 M benzoate buffer. It will keep in the refrigerator for 
several months. (Ref: Haissig and Dickson, 1979) 
116 
Starch Determination in Tissue 
1. Freeze-dry tissue and grind with Wiley mill to pass 40-mesh screen. 
2. Weigh ca. 50 mg portions of tissue into 13x100 mm test tubes. 
3. Add 2-3 ml methanol:chloroform:water, 12:5:3 (MOW) per tube with a 
wash bottle in such a way as to mix the sample and then wash down any 
particles clinging to the side of the tube. 
4. Let tubes stand for 1 to 4 hr (under fume hood). 
5. Mix the contents of the tubes with a vortex mixer. 
6. Centrifuge in a clinical centrifuge at full speed for 5 min. 
7. Carefully aspirate supernatant to remove it as completely as possible 
without removing any tissue particles; discard supernatant. 
8. Repeat steps #3, #6, and #7 twice. (It is not necessary to repeat 
steps #4 and #5.) This extraction removes pigments, lipids, sugars, 
and other soluble compounds which may interfere with the starch 
determination. 
9. After the third aliquot of MCW has been aspirated, place tubes in 
oven or incubator at ca. 50 C to dry (overnight). 
10. Prepare a set of starch standards, by weighing soluble potato starch 
into 13x100 mm test tubes. Be sure the standards cover the expected 
range of starch in the tissue. For most 50 mg samples of tissue, a 
range of 1 to 10 mg is adequate. Weigh the standards to the nearest 
0.01 mg. Don°t forget to include a blank. 
11. After samples have dried, been removed from oven, and cooled, add 1 
drop 95% ethanol to each tube, including standards. 
12. Add 1.50 ml HgO to each tube with Repipet. 
13. Cap tubes with glass marbles and place in hot water (70-100 C) bath 
for 3D min to thoroughly wet tissue and gelatinize starch. 
14. Remove tubes from hot water and cool to room temperature in cool 
water bath; remove marbles. 
13. Add 1.50 ml amyloglucosidase enzyme solution (75 units total 
activity) with Repipet. 
16. Cap tubes loosely with #00 rubber stoppers. 
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17. Place tubes in incubator at 50 C. 
18. After ca. 1 hr, when the tubes have warmed to incubator temp, push 
the stoppers in tightly. Continue incubation at 50 C for a total of 
48 hr to insure complete hydrolysis. 
19. After hydrolysis, remove tubes from incubator and allow to cool to 
room temperature (in water bath if in a hurry). 
20. Vigorously shake tubes to mix contents; centrifuge in clinical 
centrifuge for a few minutes; remove stoppers. 
21. Take up 0.15 ml aliquots of sample supernatants with Repipet dilutor 
and dilute into 13x100 mm test tubes with 1.00 ml DNS. (A special 
"sink-trap" tip is needed on the dilutor.) 
22. Place tubes in a hot water bath (70-100 C) for 5 min to develop 
color. 
23. Remove tubes from hot water, cool, and add 2 ml with Repipet. 
Mix by inversion, pour contents into disposable cuvettes and read 
absorbance at 540 nm in spectrophotometer. 
24. Calculate the coefficients for a regression line of absorbance vs. mg 
starch using the standards. Use these coefficients to convert the 
absorbance of the samples to mg starch. Divide by sample weight to 
obtain percent starch. 
